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I. Notes on Photographs of Rapidly Moving Objects, and on 
the Oscillating Electric Spark. By C. V. Boys, A.R.S.M., 
F.R.S., Assistant Professor of Physics at the Normal School 
of Science and the Royal School of Mines, South Kensington*. 


[Plate I.] 
I wap occasion last Christmas to show to a juvenile 
audience a modification by the late Dr. Guthrie of one of 
Plateau’s experiments, which beautifully illustrates the effect 
of the surface-tension of a liquid during the growth and for- 
mation of a drop. Under ordinary Aqanehees a drop of 
water is so small that the formation of the neck and separa- 
tion of the drop are too rapid for it to be possible to follow 
the process by the eye. If the drops were larger the process 
would be slower, but a larger drop, owing to the weight of 
water, cannot be formed in air. Dr. Guthrie caused the drop: 
to grow at the end of a pipe half an inch or so in diameter 
dipped below the surface of paraffin. By this means the 
effective weight of the drop is very much reduced, and the 
surface tension is reduced, so thata large drop can be formed, 
and the process is made comparatively slow. ‘ 1 have found 
that the development of the drop can be made still more 
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gradual, and that still larger drops may be formed by adding 
bisulphide of carbon to the paraffin so as further to reduce 
the effective weight of the drop. 

While trying to devise some way of representing this expe- 
riment on paper, I saw at the Royal Institution an apparatus 
exhibited by Mr. Friese Greene, with which photograplis at 
the rate of ten a second could be taken upon a travelling film . 
moved on between and stopped during each exposure. 

Examination of the growing drop through a small window 
in a card disk miade to rotate ten times a second, showed that 
even this rate applied to large and slowly forming drops was 
not sufficient to give anything like a continuous representa- 
tion of the forms assumed. However, I found no difficulty in 
obtaining twenty photographs a second ; and, had I required 
them, I could certainly have obtained fifty sharp and fully 
exposed photographs in this time, by the following method :— 
An electric arc was focused by a pair of seven-inch lenses 
upon the lens of an ordinary half-plate camera. A box with 
a glass front and back, containing the liquids and the growing 
drop, was placed immediately in front of the large lenses, and 
the drops were focused by the lens of the camera upon the 
ground-glass screen at the end of a slide forty-two inches 
long. This could be charged with four 10x 4 plates (two 
10 x 8 plates cut longitudinally), and then be drawn by hand 
from one end to the other of a seven-foot slide which protected 
the plates from light everywhere except at one place where a 
window 4x 1 inches had been cut. Through this window the 
image of the falling drops was cast upon the moving plate. 
Just in front of the camera-lens a disk of card with an 
aperture near the edge was made to rotate at any desired 
speed by one of Cuttriss’s P. | motors. Everthing was then 
started, and the speed of the motor and rate of dropping ad- 
justed until the really intermittent but apparently continuous 
view of the phenomenon upon the ground plate was as desired. 
The slide was then rapidly drawn from end to end by hand 
the speed being such as to obtain rather more than one Song 
plete cycle during the motion of the slide. In the photograph 
of a portion of which Plate I. fig. 1 is an exact copy, the 
exposures were at the rate of fourteen a second, and lasted 
about one five hundred and sixtieth of a second each. The 
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exposure was more than enough to make a perfectly black 
and white negative, and the outlines were clear and sharp. 
Another series taken at the rate of twenty a second with an 
exposure of one eight hundredth of a second each, in which 
forty-three separate views were taken in the complete cycle, 
was cut up into strips and mounted on a large disk of card- 
board with forty-three equidistant and narrow slits near the 
edge. When the cardboard is made to rotate in front of a 
looking-glass, after the fashion of the thaumatrope, the 
original experiment is again perfectly presented, and all the 
features are evident without the necessity for using these 


objectionable liquids. The drop is seen to slowly enlarge until 


it is too heavy to be supported by the surface-tension, the 
form becomes unstable, a neck begins to develop, which 
gradually gets narrower until the drop separates. The free 
drop being suddenly released from the one-sided pull, vibrates 
as it falls, not in the manner figured in the text-books, be- 
tween a prolate and oblate spheroid, but rather ina triangular 
fashion, with the base and vertex alternately uppermost, as 
recently described by Ph. Lenard*. The falling drop reaches 
the water at the bottom of the box, where it vanishes for a 
time only, for it has not mixed with this water, and so it © 
presently bounces out, as shown in fig. 1, after which it again 
falls into the water. Meanwhile the end of the neck from 
which the drop broke away has gathered itself together into 
the little drop or spherule so ably described by Plateau, 
which has an upward velocity imparted to it, since it separated 
from the upper or pendant drop after the falling drop had 


broken away.. Moreover, just as the falling drop vibrates 


after it is released, so the pendant drop vibrates also and grows 
as it vibrates, coming into collision with the upward moving 
spherule, which it drives away by a blow. Fig. 2 is a reduced 
copy of the thaumatrope. The method described could be 
made more perfect by using films on rollers driven by the 
same motor that makes the card rotate, so that the separate 
photographs should neither overlap nor Jeave space un- 
occupied ; but I did not make use of this refinement, as 


my object was simply to get the true outline in a particular 


experiment, and not to construct a piece of mechanism. ‘T'he 
* Annalen der Physik und Chimie, vol, xxx. 1887. 
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apparatus described was simply extemporized out of the 
materials at hand, and it answered my purpose perfectly. 


Fig. 2. 


2. As I wished in the lectures referred to above to show 
that exactly the same process goes on even when the finest 
jet of water breaks up into beads, though of course the pro- 
cess is hundreds or thousands of times more rapid,-I was 
anxious to obtain photographs of these forms which should 
be as sharp and as clear as the photographs already described. 
Mr. Chichester Bell described to me in a letter a method 
which he had used successfully for this purpose, which is 
more especially interesting now, as Lord Rayleigh has recently 
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exhibited photographs taken by a very similar method. Mr. 
Chichester Bell simply makes a small spark with one or two 
Leyden jars several feet away from the plate. The jet of 
water is allowed to fall between the spark and the plate, but 
as close to the plate as possible. The shadow cast under 
these conditions is perfectly sharp and will stand considerable 
magnification, and the light is quite sufficient to blacken the 
plate except when the water-drop protects it. Fig. 3 is an 
enlargement of one of these photo- Fig. 3, 

graphs. The water was broken up re- 
gularly by simply blowing into a key 
which whistled a note of 2730 complete 
vibrations a second, so that each drop 
moved to the position occupied by the 
next in the g7/55 of a second. Lord 
Rayleigh photographed jets of water 
by the spark with a camera and lens, 
using in addition a large condensing 
and field lens, so as to obtain sufficient 
light ; but it appears that the glass of 
the lenses is not of much advantage, if 
any, because, as he himself has since 
suggested, it absorbs so large a pro- 
portion of the ultra-violet rays that 
the gain by concentration is -about 
balanced by the absorption of the 
most actinic rays. 

3. Having found by the shadow 
method that there was an abundance 
of light from a comparatively feeble 
spark, I thought it possible that each 
half period of an oscillating spark 
might produce sufficient light to leave 
a clear record on a rapidly moving pictographic plate of the 
shadow of small and rapidly moving objects. To put this to 
the test of experiment, the following arrangement wasmade. In 
the first place an oscillating spark was formed between a pair of 
polished brass knobs about one tenth of an inch apart, by dis- 
charging a condenser of large capacity through one or two coils 
of gutta-percha-covered copper wire to give self-induction. 
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Details of the electrical arrangements will be given at the 
end of these notes; but I may state here that the separate 
flashes of light in the spark followed one another at the rate 
of about 4500 a second. A “ half plate” was held ina recess 
in a disk of wood screwed to a whirling-table, so that it could 
be made to rotate in its own plane at a high speed. A card- 
screen with a narrow slit was placed just in front of the plate, 
so that the light from the spark could fall on the plate through 
the slit. - The jet of water was then formed just in front of 
the slit, and when the plate was rapidly revolving the spark 
was formed. The plate, on being developed, was found to have 
impressed upon it a picture like an open fan with the water- 
drops arranged in spiral lines. This method was not so con- 
venient as a modification in which, instead of a glass plate 
spinning in its own plane, a flexible film was employed, 
wrapped round and held by two india-rubber bands upon a 
brass cylinder 13 inches in diameter. This could be made to 
rotate at a very high speed by means of a light band from a 
whirling-table. Pl. I. fig. 4 isa copy of a photograph obtained 
in this way. Here it will be seen that the intermittent light 
is automatically produced, and the period of the intermittence 
is constant for any particular apparatus. However, as carried 
out, the value of this method of observing the movements 
of rapidly moving bodies loses its practical value because the 
spark is alight during a large proportion of the time of each 
oscillation, so that it is by no means an _ instantaneous 
phenomenon. 

4. In order to show the oscillating spark and to examine it 
by photography, I wished to have some more convenient 


means than the rotating mirror employed by Dr. Lodge. 


With this the observer is taken by surprise whenever a spark 
passes, for he does not know exactly in what direction to look, 
and therefore he finds it more difficult to recognize the 
peculiarities of the drawn-out spark than he would if he were 
certain that he would see the spark in the exact direction in 
which he was looking. Besides this it is not easy, when 
photographing the spark, to ensure that the whole phenome- 
non from the birth to the dying flickers of every spark shall 
be impressed upon the plate. 


ee 
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The method which I am about to describe appears to me to 
attain these ends more perfectly than any other with which I 
am acquainted, and it does not introduce any difficulties 
of its own. 

A brass disk (PI. I. fig. 5) has six achromatic opera-glass 
lenses of about seven inches focus screwed into it, but not at 
the same distance from the axis. One pair, 1, 1, on opposite 
sides of a diameter are placed equidistant from the axis, the 
next pair 2, 2 are placed one tenth of an inch nearer the axis; 
the third pair 3, 3 one tenth of an inch nearer still. The 
wheel is mounted on an axle, carrying a grooved pulley-wheel, 
and is accurately balanced. It may then be made to rotate, if 
necessary, at the very high speed of over a hundred turns a 
second. The spark is formed on one side of the plate, and a 
screen or photographic plate is held on the opposite side; and 
the two are so adjusted that the spark is focused upon the 
screen or plate. Now, when the disk is made to rotate, the 
image of the spark is drawn out into a beaded band ; but as it 
is possible to turn the disk so fast that it has moved through 
an angle of nearly one hundred and eighty degrees during 
the existence of a spark, while to turn it through a right 
angle is perfectly easy, each lens will project a beaded are of 
a circle perhaps nearly half a turn in extent. If the separate 


lenses were all at the same distance from the axis, these six 


semicircular arcs would be projected on the top of one 
another and confusion would result; but as they are displaced 
by an amount which is about the same as the length of a 
convenient spark, the separate arcs are just made to clear one 
another. Therefore, if the plate is large enough to take an 


are of the length of sixty degrees, the whole record of the - 


spark will afterwards be found upon it. By this means it is 
possible to make use of the high speed which is necessary to 


- widely separate the several constituents of the oscillating 


spark without at the same time causing the record to be 
spoiled by the overlapping of the image formed by one lens 
by that produced by the next. A single pair of lenses, in- 
stead of six, would prevent the overlapping, but then to 
certainly obtain the whole record it would be necessary to 
make the plate receive an arc of one hundred and eighty 
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degrees, which, on optical grounds, would be objectionable. 
If the sparks are to be shown on a screen it is best to make 
the spark in the axis of rotation, and show the complete circle 
or a large part of it; but if the image is to be photographed, it 
is best to place the spark exactly opposite one lens and use 
such a size of plate that when the disk is turned one image 
just begins to leave the plate on one side when the next is 
coming in on the other. 

In order to make the most of a plate, it is convenient to 
expose it in a common camera-slide held in the hand or in a 
groove behind a card screen, with a curved aperture of such 
a size that the image from all three lenses can fall upon the 
plate. The plate can then be moved on by hand one stage after 
- every spark, and five or six groups taken on one half plate. 
Specimens of portions of a few of the photographs obtained are 
arranged together in Pl. I. fig. 6. 

Dr. Lodge has lately photographed oscillatory sparks, 
and has observed their peculiarities; 1 shall therefore do no 
more than merely mention the most striking features. The 
spark is obviously alight nearly all the time that it lasts, the 
intervals of darkness are short. The oscillatory spark proper 
is, I believe, always determined by what may be called a pilot- 
spark, due to the discharge of the knobs and wires outside the 
self-induction. 

The pilot-spark is well seen at p in A, fig. 6, which is a 
photograph taken with a very high speed and considerable 
magnification. That this pilot-spark is due to the discharge 
of the knobs is certain, because in the first placo it is a 
quarter period behind the centre of the first spark of the 
oscillation proper, and in the second place because in a photo- 
graph taken under similar conditions, but after a small 
Leyden-jar had been directly connected to the terminals, the 
pilot-spark was far brighter than before and was even brighter 
than any of the succeeding alternating elements, while it occu- 
pied the same place, namely‘one quarter period before the 
centre of the first spark of the oscillation proper. The very 
exact analogy between the motion of the electricity in an 
oscillating spark and of the bob of a common pendulum may 
be worth tracing :— 
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The electric displacement gradu- 
ally increases as the machine is 
worked until the electromotive force 
is sufficient to break the air-gap 
which held the electricity on one 
side, 

The steady oscillation of the elec- 
tricity then begins, and in a quarter 
period the electric velocity is at its 
greatest value, the currentis strong- 
est, or the spark is brightest; the 
current then gradually gets less 
until for a moment it ceases and 
the spark goes out. 

The electric displacement is now 
nearly the same in amount as at 
first, but in the opposite direction, 
it therefore starts back again, and 
so swings backwards and forwards 
as the knobs become alternately + 
and — (as is indicated in some of 
the photographs by the brighter 
glow alternately at each end of the 
spark), but getting less at every 
swing, owing partly to electrical 
resistance wastefully producing 
heat and partly to electromagnetic 
radiation which will give rise to 
oscillating currents in neighbouring 
conductors, especially if they have 
the same period, until at last the 
whole store of energy has been 
wasted and the electricity is at rest. 


The displacement of the bob 
gradually increases as the thread 
which draws it to one side is pulled 
until the force is sufficient to break 
the thread which held the bob on 
one side, 

The steady oscillation of the pen- 
dulum then begins, and in a quarter 
period the velocity is at its greatest 
value; the velocity then gradually 
gets less until for a moment the 
bob is at rest. 


The displacement of the bob is 
now nearly the same as at first, but 
in the opposite direction; it there- 
fore starts back again and so swings 
backwards and forwards, resting 
alternately on one side and on the 
other, but getting less at every 
swing, owing partly to resistance 
wastefully producing heat and’ 
partly to wave-motion transmitted 
through the supporting wall which 
will cause other pendulums to 
start swinging, especially if they 
have the same period, until at last 
the whole store of energy has been 
wasted and the bob is at rest. 


In order to increase the total number of oscillations, I have 
introduced what I call a trap, which consists of a second air- 
gap in the circuit kept open by a prop while a strong spring 
tends to close it. The spark-gap is then made very short, but 
the potential can be raised up to any degree that the con- 
denser will safely stand. A string tied to the prop is then 
pulled, and the spring completes the second gap so quickly 
that not more than one or two oscillations can take place after 
the spark hegins and before the filling of the air-gap at the 

trap. Thus a higher potential can,be obtained than would be 
_possible if the short working spark-gap alone determined the 
B 
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potential, while the resistance in circuit is Jess than before 
owing to the shortness of the spark. 

Two sparks taken with the trap are shown in B, fig. 6. 
Two longer sparks taken without a trap are reproduced in 
C, fig. 6. The gain in number of oscillations is not very great, 
as the measures by Messrs. Robson and Smith at the end of 
this paper show ; but there is a gain, especially as compared 
with a short spark taken without a trap. The trap, however, 
is practically useful in another way, it enables one to fix 
the instant at which the spark shall occur, which, besides 
being convenient, is important if for any reason the highest 
possible speed of rotation is required. While the lenses will 
run continuously at so low a speed comparatively as fifty or 
seventy revolutions a second, it would not be well to run them 
at high speeds for more than a few seconds together. By the 
use of the trap this is possible, whereas, if the high speed had 
to be kept up during the long time that it takes to charge a 
condenser of so great a capacity to the sparking-point, there 
would be great risk to the bearings of the wheel of lenses. 
For instance, to obtain a spark about one tenth of an inch 
long from the condenser used in these experiments, from 
twenty to thirty turns of the handle of a large eight-plate 
Wimshurst machine had to be made. . 

Anomalous variations of brilliancy are not unusual, as may 
be seen in A, but a curious example is indicated by the letter 
p in D, This represents the latter or dying portion of a 
spark taken on the same negative and under the same general 
conditions as A. In this case it will be seen that the light 
instead of going out at the end of an oscillation travelled 
slowly across the gap to the other terminal, forming apparently 
a kind of ball-discharge. 

One series of photographs I may here refer to, though 
the effect sought for is not so evident as I had expected. In 
this series a short vertical spark was formed, with its length 
parallel to the direction of the motion of the lens which at 
any time might be opposite to it. A magnetic field was pro- 
duced in the line joining the spark and the lens. Then it was 
hoped that the current oscillating backwards and forwards 
would be largely detlected laterally alternately on either side 
so as to produce a zigzag impression. The arrangements 
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were very imperfect, but there is a very slight lateral shift 
which I believe to be real, but it will be necessary to try the 
experiment again under more perfect conditions. 

I must express my obligation to our lecture-: assistant, Mr. 
R. Chapman, who has performed the whole of the purely 
photographic part of the experiments, and whose experience 
in this direction has been of very great service. 

The following are the partlenlara of the apparatus that has 
been used. The electrical constants were determined by 


Messrs. W. G.-Robson und S. W. J. Smith. 


Condenser. 


A wooden tray was made, as shown in fig. 7, 281 inches 
long and 16} inches wide inside, but with the base projecting 
on each side so as to form a 22-inch square. A sheet of 
varnished glass of this size was laid upon the base, and then 
twenty-six pieces of thin window-glass 28 x 16 inches were 
piled on one another in the tray. The window-glass had 
been well washed, dried, and varnished while hot on each 
side all round the edge for a width of two inches. Pieces of 
tinfoil 24 x 12 inches were laid on each of the oblong 
pieces of glass, except the top one, and long tongues of tinfoil 
3 inches wide were brought out alternately on the two sides. 
On one side all these tongues were brought out in the middle 
and bent down so as to resi on the square glass plate below ; 
on the other side they were brought out in four sets of three 
each with a space of two inches between each set. These 
were separately bent down to lie on the square glass plate 
below. By this means the capacity can be made variable in 
the proportions of 1, 2, 8, and 4 by simply connecting the wire 
to 1, 2,3 or 4. of these electrodes. A strip of tinfoil lying 
over all the ends and held in contact by weights keeps them 
all connected except when a smaller capacity is required. 


Total capacity 0-0979 microfarad. 

Total capacity of battery of ten large i 0:0451 micro- 
farad. 

Total capacity of small jar used to connect knobs (p. 8) 
0026 microfarad. 
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Self-Induction. 


Two coils, containing 330 yards each of No. 16 copper 
wire covered with gutta-percha to No. 7, were made use of in 
the form in which - they arrived from the makers. The two 
coils are marked © and U. The following are the dimensions 
in inches approximately :— 


Outside diam. _— Inside diam. Depth. 
Gp. 3a 12 83 6 
Us we 113 7 6 
The resistances of the coils are :-— 
B.A. units. Ohms, 
Ch icak Cue ce eae ee 2°391 
Lh sates 2 eee 2481 


The self-inductions determined by Sumpner’s method 
(Journal of the Soc. of Telegraph Engineers, 1887, fig. 5) 
were found to be 


C .. . 26°89 x 10° C.GS. units. 
ee Sans Sh ral ee 


In comparing the number of oscillations measured with 
those calculated from the electric constants given, experience 
showed that the photographs, such as those in fig. 6, were not 
so suitable as one taken with the spark in the line of the axis 
of the wheel of lenses, because, though the definition along a 
radius was not so good in the latter arrangement, it was for 
the purpose of determining the intervals of darkness just as 
good, moreover it, gave a much larger are on one plate which 
made it possible to obtain the centre on the plate, and therefore 
the angle between two points on the arc, with greater accuracy, 
If the lenses were screwed into the face of a flat cone so that 
the axes of each should meet in the axis of rotation at the 
place of the spark, then definition would be equally perfect in 
all parts of the circle. I did at first intend to place the lenses 
in such a cone, but for various reasons the plate seemed pre, 
ferable. 

The comparison of the calculated number of oscillations 
with the number found is complicated by the yelations between 
true ohms and B.A. units, as follows:— 
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If the condenser is standardized with reference to the B.A. 
unit of resistance, then, since the B.A. unit is 1°33 per cent. 
too small, the number expressing the resistance is too large 
and therefore the number expressing the capacity is too small, 
since one varies inversely as the other, and so the number 
expressing the capacity of such a condenser must be multi- 
plied by 1:0133 to obtain the true capacity. 

The-self-induction determined by comparison with capacity 
and resistance is found from the expression 


L=a number x 7, x r, x C. 


If the resistances r; r; are given in true ohms; then, as the 
number expressing C is too small by 1°33 per cent., therefore 
the number expressing L is also too small by 1°33 per cent., 
and the nominal value of L must be multiplied by 1:0133. 
But if r; and ry are given in B.A. units, then, since these 
numbers are each too large by 1:33 per cent., therefore the 
number expressing L is also too large by this amount, since 
one of the resistances and the capacity will balance, and 
therefore the number expressing L must be divided by 1:0133. 

Now, the decrement being small, the numbers of oscillations 


1 : 
in a second n= on VLG * therefore, if L and C have each to 


be multiplied by 1°0133, 2 should be divided by 1-0133; but, 
on the other hand, if one has to to be multiplied and the other 
divided by 1:0133, then these corrections balance and n 
requires no correction. 

Messrs. Robson and Smith determined from the photo- 
graphs the actual number of oscillations per second, and they 
determined also, assuming the microfarad to be correct, the 
number that ought to have been produced. The following | 


are their results :— 
Observed number. , . 2293 3170 3264 2115 1806 
Calculated number . . 2210 3126 3126 2210 1826 


Number of elementary 
sparks in compete 16 23 20 Tho Ald 


spark . . + + 


These were all taken on half plates and were subject to the 
difficulty of centering. One spark was taken on a large 
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plate, so that all six lenses produced images of the same spark. 
In this case the observed number was 1852, and the calculated 
number 1826. Now, if this number is corrected by dividing 
it by 1:0133, the calculated number becomes 1802, showing 
the actual number to be about 2°7 per cent. too great. As 
window-glass was used for the condenser, which, owing to 
soakage, gives smaller capacities as the time of discharge is 
made smaller, it is probable that part of the discrepancy may 
be due to this ; but in the measurement of the capacity of the 
condenser the effect of soakage was made as small as possible 
by making, as far as such a thing could be done by hand, the 
contact of discharge instantaneous. The seif-induction, too, 
as measured, may have been slightly different to the self- 
induction for oscillations at the rate of 1852 a second. 

Mr. Smith has calculated the self-induction, using Prof. 
Perry’s formula, given at the last meeting of the Physical 
Society, but the irregular form of the coils would not permit 
of an accurate number being obtained in this way. The 
figure obtained is about 51 x 10°, a value which agrees with 
the observations better than that found by experiment. 

I should add that I do not attach any importance to the 
discrepancies referred to. The experiments were made 
mainly with the view of showing the oscillating spark to an 
audience more clearly than is possible by the method of Dr. 
Lodge. For the purpose of measurement a window-glass 
condenser is not suitable at all, and I do not think the rotating 
lenses are so suitable as the method employed by Dr. Lodge, 
in which the plate itself is made to rotate in its own plane, 
for then the centre can be determined with the greatest 
accuracy. 

The actual gain in number of sparks produced by the trap 
was found by making three experiments, in which +I the 
conditions were the same except those specified. 


A. Notrap . . yy inch spark 32 elementary sparks. 
B. Notrap . . yg) inch spark 29 
QO. Trap giving 
etental gp inch spark = 87 
of A. 


” 


I should in conclusion state that the measurements given 


ro 
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at the end of these notes were made after the meeting of the 
Physical Society at which the paper was read, and that some 
other additions have been made to the fourth part of these 
notes. 


—______. 


Il. A Formula for Calculating approwximately the Self-induction 
of a Coil. By Professor Joun Perry, D.Se., F.R.S.* 


AN easy empirical formula for enabling the coefficient of 
self-induction (the inductance) of any coil to be calculated 
with approximate correctness is very much wanted. I have 
been led to take up the matter through having to design 
an instrament with various cylindric coils whose inductances 
should bear certain relations to one another, and it was neces- 
sary for me to see at a glance with some exactness the effect 
of altering their dimensions. It is to be observed that tor 
practical purposes extreme accuracy of calculation is of no 
importance, because the mechanical inaccuracies in construct- 
ing coils are considerable. It will be seen that my method of 
arriving at what may almost be called a rational formula has 
been suggested by Prof. James Thomson’s ingenious method 
of considering the flow of water over a rectangular gauge- 
notch. 

I consider only hollow cylindric coils. Thus fig. 1-shows 
the section of a coil whose dimensions are c centimetres mea- 
sured radially, 6 parallel to the axis, mean radius of coil a, 
oo’ being the axis. The supposition I make is that all the 


coils considered are so long (0 so great) that, c being the same 


in all, the field near the ends is the same in all. Without 
much straining of the meaning of words, we may say that the 
inductance of a coil is the total induction when anit current 
passes in the coil; and if there is only one convolution, it is 
proportional to the reciprocal of what may be called the mag- 
neti¢ resistance. My supposition comes to this: that if the 
dimension 0 is great enough, increase of the magnetic resist- 
ance produced by increasing 6 is proportional to the increase 
of}. Let MN WM’ (fig. 2) show the limiting length beyond 
which increase of resistance will be proportional to increase of 


* Read June 20, 1890. 
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length. Evidently MM’ must be a function of ¢ and a, and 
if written in the shape 2sc it may be expected that s will be 


constant for small values of <. The magnetic resistance due, 
then, to the end parts, A B, of the coil (fig. 1) will be the 
same as that of the coil, fig. 2. Now the magnetic resistances 


of all similar coils are inversely proportional to their dimen- 
sions, and for all coils similar to that shown in fig. 2 for any 


value of a or c but for the same values of <, the magnetic 
P 


resistance is inversely proportional to a, say that it is @ 


Fig. 1. Fig. 2. 


s 


B A 


Pe 


p being a function of < . Now the remaining part of the coil 


(fig. 1) may be considered made up of coils of square section 
exe and of mean radius a; and the additional magnetic 
resistance introduced by each of these is inversely proportional 
to aif “ is constant. There are ona of them, and the total 
magnetic resistance, irrespective of the ends, is proportional 


b—2se .. ¢ ; is 
to ne f 7 remains constant. Say that it is (6—2sc) 4, 


: : c ge, : 
where g is a function of 7 The whole magnetic resistance is 


then 
E +5 (b—2sc). 


And the inductance L for one winding is the reciprocal of this. 
If there are n windings, 
na? 


maar rem yey Pe ee eh 


Ann? 
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As sc is comparable with the axial distance inside a coil 
from the end, at which the lines of force are no longer per- 
ceptibly curved, s may be supposed to be a proper fraction. 
In finding the values of p, g, and s, p and q being functions 


c : ee ea ae : 
of 23 and s being nearly constant, it is evident that if we, 


experimentally or by calculation, find L for various values of 
a, b, and ¢, it is enough if one of these remain constant. Mr. 
C. E. Holland has worked out for me the following values of 


L. 


5 in C.G.S. units, keeping c=1 centimetre, from the series 


published as Appendix III., page 321, vol. ii. of the second 
edition of Maxwell s ‘ Electricity and Magnetism.’ Unfortu- 


: b ; : 
nately, unless the ratios of < and @ are small, this series does 


not enable L to be calculated. I propose later to amend the 
formula when I have, either by calculation or experiment, 


found L for values of “ and 2 greater than 3; and I regret 

that the difficulty of obtaining values of L in these cases is so 
; L 

great as itis. Calling Mr. Holland’s calculated ina? by the 


letter J, the following Table shows the results of his calcula- 
tions :— 


C l 


1 ~ 9-060 
1 7303 
1 5993 
1 3094 
1 1:985 
1-034 


1 16-0436 
1 13527 
1 11-704 
1 31:8655 
1 27-763 
1 
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Now it is evident that if of any coil the dimensions are a, 
b, and c, then L for this coil is ¢ times the L for a coil 
whose dimensions are <, a 1. Hence Mr. Holland’s num- 
c 
bers enable us to study the general case, so long as ~ and r= 


are less than }. I find that with more than enough accuracy 


for practical purposes we may take, when c=1 centim., 


L a : 
aa seit ye 5 al cae 
int = 9317a4-394 440. (2) 


Hence generally, from the law as to similar coils, / is 


a 
€ P: = 
2s i Aes Bee OAT oO ee 
2317 < 4°39 4 442? 2317a +°39e+ 446 
So that generally 
4orn?aq? 


L in centimetres = 2317a+39e+ 440 ° ° (3) 


I give it in this form to enable its accuracy to be tested. And 
it is obvious that g of (1) is a constant, whereas p is a linear 
function of < including a constant. 
na? 
‘01844a+ 031e+°0350° * (4) 
Or taking the ohm as 10° centimetres per second, 
L in secohms = co tO ate 5 

~ 1844a4+31e4+350 * * (6) 

If « is the cross sectional area pertaining to one winding, 
whether made up partly of insulation or not, 

be 


’ 
‘a 


L in centimetres = 


n 


and if R is the resistance of the coil in ohms, as R= ab 
L V+10°rp 


R- 28iTa+30cp-4ap) °° + +. 
where V is the volume of the coil in cubic centimetres, p = 
resistance in ohms of a copper wire 1 centim. long, of smaller 
section than 1 centim., just as much smaller as the actual wire 
is than the covered wire. 


Let p, = specific resistance of copper in ohms. 
Taking it that if there is no insulation, p=py=1°62 x 10-6, 
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Let W, = weight of copper in the coil (disregarding the 
weight of the insulating material, this is the 
weight of coil), 

W, = weight of volume of the coil of copper, 
ch p 
W, section of copper pp 


It is evident that if for any coil whatever we calculate = 


on the assumption that there is no space occupied by insula- 


tion, we have only to multiply this Mvcoise taking 


W 
by W, R’ 
insulation into account. Another way of putting our result 
is 
se V’=1000 7 
R- °728a+1°33c+1°5b’ ~~ ) 


where V‘ is the volume, in centimetres, of copper in the coil. 

For a coil of given volume wound with given wire, to dimi- 
Le’: F j : 

nish the ratio of R increasing ¢ is nearly of the same import- 

ance as increasing b ; whereas these are about twice as im- 


portant as increasing a. In fact = is nearly proportional to 
abe 

a+2(b+c) 
because the volume of the insulation is relatively greater. 

It may be noted that the empirical formula given in this 


; and of course it is less as the wire is finer, 


paper, although seemingly truer when and - are smaller, 
is not true when and ° . are zero. ‘The inductance of one 


spire of wire aihoee section is infinitely small is infinite ; ; and 
it would have been possible to get an empirical formula, fairly 
correct for ordinary values of a, b, and c, which would give 


ee b c 
an infinite value for L. when - and q ure zero, based on the 
a 


expression given by Maxwell, 


L ne ea 
Lan’? =a (logs —2), 
where R is a function of b and c. Such a formula would, 


however, be much less useful for ordinary purposes than the 
one I have given. 
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ILI. On the Measurement of Electromagnetic Radiation. By 
C. V. Boys, A.R.S.M., F.R.S., Assistant Professor of 
Physics at the Royal College of Science, London, A. E. 
Briscoz, A.R.C.S., and W. Watson, A.R.C.S., B.Sc.* 


(Plate II.] 


At the timé that Mr. Gregory described and exhibited his 
“Electric Radiation Meter”, which indicated and mea- 
sured electromagnetic radiation by the increase in length of 
a fine platinum wire stretched in a glass tube in consequence 
of the heat developed by the induced currents within it, one 
of us expressed the view that it would be interesting to 
confirm by some independent method the conclusion that 
the wire was lengthened by heat, as it was not absolutely 
certain, though exceedingly probable, that the increase in 
length might not be apparent only and not real. 

The following is an account of experiments made by two 
independent methods, with the view of finding whether the 
expansion observed by Mr. Gregory was such as might be 
expected from the induced currents. 


First Method. 

Imagine two straight wires parallel and near together, but 
not touching one another or any conductor. Let them be 
placed parallel to and at a convenient distance from a cylin- 
drical rod of the same length as either of the wires. Then, 
if electrical oscillations are started in this rod by any well- 
known method, the two wires will act as resonators, and 
induced oscillations will occur in them, not necessarily in 
absolutely the opposite phase to the oscillations in the pri- 
mary, but at any rate in the same phase in the two wires, 
so that the electricity in each will surge up and down at 
the same time. If, then, the.ordinary theories of electro- 
dynamic and electrostatic action apply in the present case, 
which may be true or may not, then the currents going up 
together and down together will attract one another, while 
the charges resting chiefly at the two ends, being at one 
moment + above and — below, and ut the next moment 
reversed, will repel one another. Owing to the harmonic 


* Read June 20, 1890, 
+ Proc. Phys, Soc. vol. x. p. 290. 
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distributions of the current and the charges, the electro- 
dynamic attraction will be mainly in the middle parts, while 
the electrostatic repulsion will be mainly at the two ends. 
Further, both these distributions vary harmonically with 
the time, and are a quarter-period removed from one 
another ; but the integral effect of each is equivalent to 
a steady force, and the quarter-period difference of phase 
has no influence so far as forces are concerned. 

In order to realize what these forces are, and what are the 
relations between them, it will be necessary to consider them 
separately. 

(1) Electrodynamic Attraction.—Let the wires be supposed 
to be very close together, so that the force felt by any element 
is almost entirely due to those elements of the other wire 
which are so close to it that the variation of the current strength 
in those elements along the wire is inconsiderable. Now, if the 
distance apart is d, if c is the strength of the current at any 
moment (measured electrodynamically), and if / is the length 
of the element, the force exerted by the other wire on this 
el 
ad 
varies harmonically with the time, the average force will be 
necessarily half the maximum force ; therefore the average 


element will be 2—- dynes. But as the current at any point 


2 
force on the centre elements will be a if ¢ is the maximum 


current at the centre. 

Since, also, the current varies harmonically along the wire, 
the average force per unit length over the whole wire will be 
halfthat at the centre; so that the attraction between the 


2 
wires will be a where L is the whole length of the wire. 


(2) Electrostatic Repulsion—In the same way, if q is 
the quantity of electricity (measured electrostatically) on 
unit length at any part of the wire, the force of repulsion 


2 

upon an element at any moment will be got the average’ 
2 

force on this element will be ge and the total repulsion 


d 5] 
2 
between the wires will be as 


Now to find the relation between these it is necessary to 
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remember that the wires are resonators ; that is, the oscilla- 
tions follow the natural period and are not forced. Also that 
the total quantity of electricity on one half of the wire is the 
integral of the current that has passed the middle point. 
Although there is no difficulty in finding the relation between 
the attraction and repulsion, the following graphic method 
may be worth giving. In order to simplify matters, the 
resonator will at first be supposed of such a length that the 
oscillations occur at the rate of one a second, z.e. it will be 
supposed to be 4 of 3x 10° centim. long ; also the maximum 
current at the centre will be supposed unity. Now let the 
vertical line in C (fig. 1) represent the wire, and the distance 
of the harmonic curve from it at any point the strength of the 
current at that point when it is at a maximum. 


Fig. 1. 


In the same way, let the distance of the harmonic curve in 
Q from the wire at any point represent the charge at that 
point a quarter-period later, at which time it is at a maximum; 
then the total quantity on one end, represented by the shaded 
area, is the integral of the current which has passed the middle 
point p. Now this current varies harmonically with the time, 
as shown in the time-diagram T. This is divided into four 
equal parts. Thus the first represents (say) an upward 
current rising from zero to its maximum; this just neu- 
tralizes the previously charged wire. Then, in the second 
period, the continuation of the current produces an equal and 
opposite charge, which is a maximum when the current has _ 
become zero. Inthe third period, the current in the opposite 
direction has again neutralized the charges by the time that it 
is amaximum ; and in the fourth period, it charges the upper 


end negatively and has ceased to flow when the negative charge 
is a Maximum, 
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Now divide the second period of the time-diagram of cur- 
rent, T, into n (=} of 3 x 10") elements, and the upper half of 
the wire in the quantity-diagram, Q, into the same number of 
equal parts, which will therefore each be one centimetre long. 
Now, since the total quantity of electricity represented by the 
shaded part in Q is equal to the time-integral of the current 
which is represented by the shaded part in diagram T; and since 
also each of these is bounded by a quarter-period of a sine 
curve, and is divided into an equal number of elements, it is 
clear that each space-element in Q, 1, 2, 3,...n, must equal the 
corresponding time-element in T ; or, in words, though the 
quantity of electricity that has passed the point p in the first 
element of time is spread over the upper half of the wire in Q, 
and so on, yet at the nth element we may consider that that 
which passed during the first element of time is stored on 
the element 1, that which passed during the second element 
of time is stored on the element 2, and so on. Now, since 
the current-strength in the first element of time is 1, and 
since this element of time has been made equal to 1/(4 x 10°) 
second, the quantity of electricity on the end centimetre 
of wire is 1/(4 x 10*°) electrodynamic unit, or 1 electrostatic 
unit. This will be repelled by the wire opposite with the 
same force as that with which the current in the centre 
element of one wire will be attracted by that in the other 
wire, both when each is at a maximum and through all the 
harmonic variations. In the same way, the next element near 
the end in Q will correspond to the next element near the 
middle in C, and so on over the whole length of each ; and 
so, since the electrodynamic attraction over every element 
in time and space is equal to the electrostatic repulsion in 
the corresponding element, removed both in time and space by a 
quarter period, the total force due to one is equal to the total 
force due to the other. If any other length of wire is taken, and 
of course its corresponding period, since the number or length 
of the elements in both T and Q must vary together, the same 
result will follow; and if any other strength of maximum 
current is taken, the attractions and repulsions will be changed 
to an equal extent, and therefore, if two straight wires are 
placed so close together that the distance between them is 
very small compared to their length, they will, when their 
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natural electrical oscillations are induced in them, on the 
whole neither attract nor repel one another. 

lt follows from this that, if the oscillations be forced and 
made too slow, the accumulation of charge on the ends will be 
greater for a given maximum current than it would be if the 
period were natural, and therefore the repulsion should over- 
power the attraction. In the same way, with too rapid vibra- 
tions the attraction should overbalance the repulsion. Also 
since, if the wires are not close together, the electrostatic 
repulsion will have fallen away in a higher ratio than the 
electrodynamic attraction, it would appear that resonators 
which balance when close should attract one another when at 
a distance, or that resonators subject to forced oscillations 
which repel when near might attract when at a distance. 

Prof. Fitzgerald, when the above theory of the mutual 
action of resonators was put to him, at once suggested that if 
the molecules of a body were subject to electrical oscillations 
it would be possible to imagine a physical cause 
for their supposed attraction when far, and _ Fig. 2. 

é } + full size. 
repulsion when close, 

In order to test the matter experimentally, 
the wires were made of a cranked form, as 
shown in fig. 2, so that the ends were on one — 
side of a vertical axis (dotted), and the middle 
part on the other side. Then, if one is held 
close to the other, and if the second one is free 
to turn about the vertical axis, the attraction of 
the centre and the repulsion of the ends should 
conspire to produce rotation in the same | 
direction *. | 

The first experiment was made with a pair 
of copper wires each one foot long, bent so 
that the end parts were each 24 inches, the 
middle part 5 inches, and the horizontal part | 
1 inch. This was suspended in a glass jar by 
a quartz fibre, so that the vertical axis of 


* It may be worth mentioning that the invention of this method was 
made in a particularly vivid dream, in which I found myself at the black- 
board in the physical lecture-room, explaining that if the two wires were 
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rotation was halfway between the ends and the middle 
portion. An ordinary galvanometer-mirror was attached to 
the rigid glass hook from which the wire was suspended, 
and this could be seen through a plate-glass window in a 
torsion-box above the jar. The oscillator consisted of two 
pieces of brass tube half an inch in diameter with hemi- 
spherical ends, each 6 inches long in all. This was placed 
in a vertical position two or three feet away from the 
wires, and in the plane of the suspended wire, so that it 
should not act directly upon it. The two parts of the oscil- 
lator were connected by very fine wires with the terminals of 
a Voss machine. Then it was found that when the halves of 
the oscillator were separated too far for a spark to pass, there 
was no deflexion, while when they were gradually made to 
approach one another, no motion was visible on the scale until 
sparks passed, and then the motion was evident enough, the 
light even going in favourable cases off the scale in the right 
direction. . 

However, this was only a preliminary experiment made’ 
with materials at hand. It was clear that the material which 
was most suitable was that which had the highest conductivity 
for its density, namely aluminium, and that only the outer 
surface of the wire could be efficacious, since the oscillations 
were at the rate of about 500,000,000 asecond. Accordingly, 
thick aluminium wire was rolled into thin ribbon, which 
was then drawn through successive holes in a draw-plate 
until a perfect tube, cracked down one side of course, was 
formed. 

We used resonators made of this material in the next 
experiments, which were made with the view of seeing 


close together, the currents in each would be going up and down together, 
and so would attract one another, and that in order to make this attrac- 
tion evident, the wire should be suspended near the axis of rotation, for 
the reason that where quartz-fibres can be employed there is a greater 
gain owing to the reduction of moment of inertia than loss by reduc- 
tion of statical moment. I did not in the dream see that the charges 
should repel, or the necessity for the cranked form of wire. I may say 
that this was after Mr. Gregory had described his instrument, but the 
idea of Jooking for mutual attraction between a pair of resonators had 
not before occurred to me.—C. V. B. 

Cc 
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whether the couple observed was due equally 

to the repulsion of the ends and attraction Fig. 3. 

of the centre, or if one preponderated over 

the other. The fixed cranked resonator was 

then replaced by a straight one, which was 

held at first close and opposite to the ends of 

the suspended cranked resonator, when a 

strong repulsion was observed, as expected. It 

was then held in the corresponding position 

opposite the centre part, when, instead of the 

expected attraction, feeble repulsion was ob- 

served 3 and finally, on being placed equidistant 

from the two, the ends were repelled away. 

_ Since this appeared to show that the elec- 

‘trostatic repulsion was much greater than the 
electrodynamic attraction, we tried the following 

experiment, in which the electrostatic action 

was reduced to practically nothing. A pair of 

resonators were made of the form shown in 

fig. 3, and one was weighted with a non-conductor and sus- 
pended so that the straight part was in the axis of rotation. 
The other was then held with the curl close and parallel to 
the curl of the other, and so that at first the current in each 
should go round the same way, and then in opposite ways. 
No action was observed in either case. When also cranked 
or straight resonators were entirely immersed in water, no 
effect at all was observed. 

We have given a short account of the early experiments 
because at first they were so completely in accord with the 
result of the theory put forward, though the action was more 
powerful than had been expected, that for a time we were 
deceived as to the real cause, and we wish to guard others 
from falling into what is after all a very obvious error. The 
later experiments showed either that the theory was only 
true as regards electrostatical repulsion, the electrodynamic 
attraction of the momentary currents being nil, or else that 
the results already obtained were spurious. 

We have stated that the two resonators were suspended in 
a glass jar, outside which the primary oscillator was placed 
and that while no repulsion was observed during the gradual 
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charging of the oscillator-ends to a higher potential-than that 
employed with the sparks, yet the moment the sparks passed 
when the ends were nearer together, the suspended resonator 
was observed to move in the expected direction. Now if the 
glass jar were a conductor, the oscillator-ends might be 
charged to any extent and no action would be felt inside ; if, 
on the other hand, it were a perfect insulator, then during the 
charging of the oscillator-ends before the spark the resonators 
would have induced charges in their ends which would make 
them repel one another. The glass jar exposed to the mois- 
ture of the air was a sufficiently good conductor, on its outer 
surface at any rate, to be able to screen the statical action of 
the charges on the oscillator-ends which were by the arrange- 
ment only slowly made to vary, and so-the repulsion which 
might have been looked for was not observed ; but the 
moment a spark passed in the primary, the conditions were 
changed. The fall of potential was instantaneous, but the 
screening charge on the glass surface, which the previous 
moment produced within the jar an effect equal and opposite 
to that of the charges on the oscillator-ends, was unable 
instantly to disappear owing to. the imperfectly conducting 
surface of the damp glass, and thus at this moment the reso- 
nators were in the condition that they would have been in 
had there been suddenly developed on the oscillator-ends 
equal and opposite charges, but with no glass jar between. 
This then was the cause of the repulsive impulse which was 
observed at each spark when they followed one another at 
intervals. When, however, a torrent of sparks was produced, 
the glass surface would take up a screening charge equivalent 
to the mean charge on the oscillator-ends ; then, when the 
oscillator-ends had charges either above or below the mean 
charge, the statical action on the resonators would be the same 
as that due to the excess or defect on the oscillator, so that the 
steady repulsion observed was due to induction alone, and had 
nothing whatever to do with electrical oscillations proper. 
In order to perfectly screen off this induction effect, and 
yet leave the action of the true electrical oscillations, it was 
necessary to so increase the conductivity of the surface of the 
glass jar that it would have time to acquire a screening charge 
which should follow variations of potential accompanying the 
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sparks at the rate of, say, 10 or 20 a second, and yet leave it 
so imperfect as to be practically an insulator to oscillations at 
the rate of 500,000,000 a second, which corresponded to the 
apparatus in use. 

Prof. J. J. Thomson has shown* that the conductivity of 
liquids may be determined by finding what thickness of a sheet 
of liquid is just sufficient to prevent oscillations of a known 
rate from exciting a resonator on the other side, and that the 
thickness must be proportional to the specific resistance. 
For instance, he found that a layer of dilute sulphuric acid 
three or four millimetres thick was just opaque to oscillations 
at the rate of 100,000,000 a second. It would therefore 
require a greater thickness to be opaque to oscillations of 
500,000,000 a second, and a very much greater thickness for 
water to be opaque to oscillations of this rate. A duster, 
therefore, soaked in water, though it might reflect some 
fraction of this radiation, should be practically transparent to 
it. Nevertheless a wet duster would be amply sufficient to 
screen the action of true harmonic variation of potential of 
the frequency of the sparks, i.e. 10 or 20 a second. As a 
matter of fact, these variations of potential are not simply 
harmonic, but since by Fourier’s principle the non-harmonic 
periodic change is equivalent to a series of true harmonic 
changes at successively higher rates all superposed, the wet 
duster should completely screen all the lower of these com- 
ponents up to a certain point, and probably far enough. On 
wrapping ‘up the jar with a wet duster all effect was found to 
cease, and the spurious character of the deflexions was de- 
monstrated. It is possible that these are not the only experi- 
ments with electrical oscillations in which a wet duster or its 
equivalent might be found of service. 

The apparatus was then remade with the view of obtaining 
very great delicacy. To make the resonators aluminium wire 
was rolled into ribbon of *2 x ‘001 centim., so that each centi- 
metre in length weighed only half a milligram. Two pieces 
30 centim. long were fastened in the cranked form previously 
described on very light frames made by cementing to almost 
capillary thin glass tubes cross bars cut from microscope cover- 


* Proc, Roy. Soe. vol. xIv. p. 269. 
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glass, so that the ends of these cross bars held the corners of 
the cranked pieces of aluminium ribbon. One of these was 
suspended in the same apparatus by a fine quartz fibre, and 
all was arranged with the view of obtaining a delicacy 
comparable with that employed by one of us in the Cavendish 
experiment. It was now impossible to keep the spot of light 
at rest, owing mainly to air-currents in the jar set up by 
differences in temperature of the sides of the jar which could 
not be avoided in the schools, and also to the perpetual 
tremor. In the winter, however, the elementary laboratory 
on the other side of the Exhibition Road was not being used, 
and so everything was transferred to a small room there, 
where a fair degree of quiet and uniformity of temperature 
could be obtained. The Voss machine was replaced by a 
large induction-coil, which gave a greater torrent of sparks. 
Then, to get more energy in each spark, the primary oscillator, 
made of 12 millim. tube, was replaced by a pair of spheres 
100 millim. in diameter, with small spheres on short sliding 
rods, between which the sparks passed. The scale was placed 
at a distance of 281 centim. from the mirror. Then, when the 
wet duster was placed round the jar and the sparks made to 
pass, deflexions of 5 to 10 millim. were observed. Fearing, 
however, that even the wet duster failed to completely screen 
the induction-effects due to the rise and fall of potential of 
the primary or rather some of the higher harmonics already al- 
luded to, we soaked it in dilute sulphuric acid instead of water, 
so that no doubt should exist as to its sufficient conductivity to 
quench the sham effect while it still remained unable to stop 
more than a small proportion. of the waves of 500,000,000 a 
second. With this precaution all definite movement of the 
spot of light ceased. It was seldom that air-currents did not 
cause a gentle hovering of the index a few millimetres 
either way, which, however, had no relation to the starting or 
stopping of the sparks; on one or two frosty days, however, 
when the temperature was very uniform, there being no fire, the 
spot of light was so steady that a movement of even 4/5 millim. 
on the scale would have been observed, but we have based 
our calculation on the certainty that the deflexion was not 


2 millim. 


In order to make sure that this was a true negative result 
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the duster was removed, when at once the index was driven 
violently off the scale, and then a Hertz resonator tuned to 
the oscillations of the primary was placed in the jar and 
surrounded by the same acid duster when the sparks in the 
gap were evident, showing that the proper electromagnetic 
waves did penetrate into the jar as supposed. 

The turning moment corresponding to a deflexion of } millim. 
may be found from the following particulars :— 

Period of oscillation of mirror and stem (oscillator re- 
moved), ‘947 second. 

Period of oscillation with wire ring hung on, 4°13 second. 

(Wire ring 1°6 centim. diameter outside, made of wire 
‘122 centim. in diameter; mass °4635 gramme.) Hence 


Couple= 1-1 x 10-* C.G.S. units, and 


Average value of couple=3°7 x 10~7 C.G.S. units 
per centim. of wire of resonator, 


which corresponds to a force of about 3 x 10-7 dynes, since 
the distance from the axisis 1} centim. This is less than a two- 
hundred-millionth of the weight of a grain, or a three-thousand- 
millionth of the weight of a gramme. 

Since the wires were only ‘2 centimetre apart, this shows 
that, if the currents in the wires, instead of being oscillating, 
had been simply ordinary steady currents, those currents could 
not have reached the value of °00017 C.G.S. electromagnetic 
unit or ‘0017 ampere. 

Now the moment, if the theory advanced is correct, is due 
partly to electrostatic repulsion and to electrodynamic attrac- 
tion which are equal to one another, but owing to the harmonic 
distribution of both, both in time and in position, and owing 
to the fact that the weaker part of each of these forces is 
tending to counteract the stronger part, the total average 
resultant force is by no means double or even equal to that 
due to a steady current alone of a strength equal to the actual 
maximum. ; 

To find the relation it is necessary to first consider the 
effect of the harmonic distribution of either, say the current, 
along the wire. The square of this at any point is a measure 
of the force at that point, so that the force varies from zero 
at the ends to its full value in the middle, having passed its 
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half value at the points where the wire crosses the axis of 
rotation. 

Thus, in fig. 4, the ordinates of the upper curve a 6c, which 
is half a sine curve, represent current strength, those of the 
lower curve a d b ec, which is a complete sine curve on half 
the scale, but shifted vertically by the amount of its own 
maximum ordinate, since 

1—cos2a 

9 b) 
represent the force due to the current at each point. The 
rectangular area f g c a, equal to 27, measures the total force 


Fig. 4. 
6 g 


sin? a = 


due to a uniform current of the maximum value. The areas 
adh andcke are the forces due to the ends of the wires in the 
wrong direction, and these together 


a[2 
=7-{ sin 0 d0= 5 —1. 
0 


The area hdbek is the force due to the middle half of the 
_ wire in the right direction, and this 
vid bier vig 

5 +( sin 0d? = at i 

The difference of these, which is the area db el, isthe balance 
in the right direction, and this =2. But the force due to a 
current of the maximum strength over the whole length of 
the wire is 27, so the force in the cranked conductor due ‘to 
the harmonically distributed current and the opposite effect 


ied ; ‘ 
of the ends is — x that due to uniform maximum current over 
T 
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the whole wire. The current is not steady, but varies har- 
monically with the time, so on this account the value must 
be halved again, but this halving is exactly balanced by the 
doubling which results from the fact that the electrostatic 
exactly equals the electrodynamic effect. , 

We have seen that the force was not so great as that due 
to a steady uniform current of ‘0017 ampere ; therefore the 
maximum current in the centre could not, if the oscillations 
continued uninterruptedly,havereached the value of 4/7 x ‘0017 
or 003 ampere. Since in the most violent torrent of sparks 
that can be produced the time during which the oscillations 
last is very small compared to the interval between two 
sparks, itis quite possible, and even probable, that the actual 
current during the earlier part of each spark greatly exceeded 
this, but this is a superior limit to the value of the square root 
of the mean square of the strength of the current in the par- 
ticular case. 

It should be noted that two errors, each of which is 
numerically insignificant, have, for convenience, been made. 
One is the supposition that the forces on the elements near the 
ends of the resonators are the same as though they were con- 
tinued together with the stationary wave. As a matter of 
fact, itis only the last few millimetres for which there is a 
falling off. The second error is made by supposing that the 
middle half of the wire is all at one distance from the axis 
on one side, and the two end quarters at an equal distance 
from the axis on the other side. Asa matter of fact, the wire 
has to cross over, but as the two forces almost exactly balance 
on the small part which crosses the axis, it was not worth 
while to complicate the simple statement of conditions illus- 
trated by fig. 4 for the sake of an imaginary degree of 
accuracy which the nature of the observations would not 
justify. 


Second Method. 


As the first method, carried out with all the delicacy which 
under the conditions we could make use of, gave no promise 
we determined to find by some direct process whether the heat 
which Mr. Gregory had inferred from the expansion of the 
wire was real. For this purpose we made use of one of the 
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most delicate heat-measuring instruments that exist, which is 
specially suitable for detecting very small quantities of heat 
diffused over a great length of wire, namely the convection 
air-thermometer of the late Dr. Joule*. . With this instru- 
ment he was able to detect the direct heating-effect of the 
moon’s rays unconcentrated by lens or mirror. 

His instrument consisted of a tube about 2 feet long and 
4 inches in diameter, divided longitudinally by a blackened 
pasteboard diaphragm, leaving spaces at the top and bottom. 
In the top space a piece of magnetized sewing-needle, fur- 
nished with a glass index, was suspended by a single silk fibre. 
Any excess of temperature on one side of the partition caused 
an air-current, which at the top passed from the hot to the 
cold side and deflected the needle. 

We have made use of Joule’s instrument, not exactly in the 
original form, but with two classes of index, and with an 
essential improvement which makes it extraordinarily sen- 
sitive without greatly affecting its simplicity. The first class 
of index depends for its working on the fact that when a small 
piece of phosphorus is placed in air it gradually oxidizes, and 
the oxide formed slowly falls, if the air is still, in a well-defined 
column, appearing like smoke. If there is any very small 
motion of the surrounding air, this column of phosphorous 
oxide will be deflected. It thus forms an excessively de- 
licate and light index for detecting movements in the 
air. 

To overcome the difficulty of keeping the index at rest, 
owing to radiation from neighbouring bodies or to draughts 
of varying temperature, we have surrounded the divided tube 
by another, which was kept rotating continuously by clock- 
work. If any part of this guard-tube becomes slightly heated, 
it is carried round and made to heat the instrument equally all 
round, and so it produces no effect. 

As the determination on theoretical grounds of the most 
suitable dimensions presents considerable difficulties, we 
decided to make a series of tubes of different sizes and 
compare their sensibility. The object of the instrument 
being to measure the heat developed by the electromagnetic 


* Proc. Manchester Phil. Soe. vol. iii. p. 73. 
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radiation in a wire within the instrument, it was necessary 
to make both the tube and guard-tube of some insulating 
material, such as glass. 

The tube to be used was cleaned, and a roll of brown paper 
about 1 inch long was pasted round one end. This fitted 
tightly into a mahogany ring, D (Plate II. fig. 5). The 
tube was divided longitudinally by a partition of card- 
board (F), which was made to fit tightly into the tube. This 
partition extended from the bottom to within about an inch 
of the top, which end was closed by a cork. 

The projecting end of the mahogany ring (D) fitted into a 
corresponding hole in a piece of wood (E), which was itself 
supported on two blocks (A and B). The tube (represented 
by the dotted circles in the plan, fig. 6) came directly over 
this space between A and B, the partition being parallel to 
their adjacent faces. 

Between A B, and immediately beneath the tube, two glass 
semi-cylinders were placed, with their convex surfaces facing 
each other. They are shown in plan in fig. 6 (MN), and 
one is shown in perspective in fig. 7. At 2 centim. from the 
top of one of these semi-cylinders a small paper scale (fig. 5), 
divided in half-millimetres, was attached. When a current 
of air passes from one side of the tube to the other, it has to 
pass through the narrow space between these cylinders. 

A hole was bored through the top of B, through which a 
capillary glass tube could be passed. This tube was filled 
with phosphorus, and the glass broken away for about one 
millimetre, so as to expose a clean piece of phosphorus when- 
ever the stream of oxide had to be observed. The tube was 
then passed through the hole (K),so that the exposed piece of 
phosphorus came just beneath the partition and between the 
glass cylinders. It is shown in place at H in fig. 5. 

By this means the stream of phosphorous oxide was formed 
at the narrowest part of the air channel, and so was affected 
to the maximum extent by any passage of air from one side 
of the partition to the other. The resulting deflexion of the 
phosphorous-oxide stream could be read with an accuracy of 
about one-tenth millimetre. In this form, when the phosphorus 
index is deflected it is carried to a part where the channel is 
much wider, owing to the curvature of the glass half-cylinders. 
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On this account the deflexion of the index is not any simple 
function of the rate at which the air is passing. With - 
a view to do away with this want of proportionality, and 
also, if possible, to render the instrument more sensitive, the 
glass half-cylinders were replaced by a pair of narrow flat 
glass plates, near together, with a wide channel on each side 
communicating. with the tube above. The instrument was, 
however, found to be less sensitive in this form than when the 
half-cylinders were used. 

The sensitiveness of the instrument could, to a certain 
extent, be altered by moving M and N (fig. 6) further apart, 
so that the phosphorus stream fell in a wider channel. 

The divided tube was surrounded by another glass tube 
(G, fig. 5), which was about 10 centimetres longer. This 
formed the guard-tube, and was suspended from one of the 
axles of a clock (K, fig. 11), which made one revolution in 
about eight seconds. 

By means of three levelling-screws the guard-tube was 
made to hang free of the inside tube, so that it did not touch 
it at any part of its revolution. Thus no heat due to friction 
was developed near the divided tube. | 

The phosphorus could not be placed at the top of the tube, 
as the falling column of oxide was found to go on one side of 
the partition, and its weight was sufficient to keep up a down- 
current of air on this side and an up-current on the other side, 
and so make the instrument unstable. 

Inside the divided tube, and on one side of the partition, 
two fine platinum wires were stretched, reaching from the top 
to the bottom. They were connected together at the top, and 
at the bottom were brought out and connected to two binding- 
screws fixed on the ring D (fig. 5). By means of this 
wire, whose resistance was measured, a known amount of 
heat could be developed in the tube by passing a current of 
known intensity. The current was, in all the experiments, 
supplied by a single Daniell cell, which contained in its 
circuit, beside the wire of the instrument, a resistance-box 
and a key. 

The clock was kept working for about half an hour before 
the commencement of an experiment, in order to equalize the 
temperature within the tube ; and then a fresh piece of phos- 
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phorus was introduced. When the phosphorus index was 
quite steady, and approximately at the centre of the scale, the 
reading was taken (zero-reading), then resistance was un- 
plugged in the box, and the current passed till the index had 
again come to rest. The current was then stopped, and 
another zero-reading taken. 

In testing the different tubes the largest resistance which 
would give a readable deflexion was in each case ascertained. 
The resistance of the cell and the connecting-wires could be 
neglected in comparison with the external resistance. 

In the different tubes the total heat developed was not the 
same when the same current was passed, as the wires were of 
different lengths. This, however, was not taken into account 
in comparing the tubes together, as for the measurement of 
the electromagnetic radiation it was necessary to get the 
" greatest possible sensitiveness per centim. of the wire. 

It is hardly necessary to give particulars of the different 
tubes experimented upon. It is sufficient to say that, while 
the length of the tube was of little consequence, it was found 
that a wide tube was much more sensitive than a narrow one. 
The results obtained in a particular case are given. 

Tube No. 3:—Length 82, diameter 5 centimetres. Re- 
sistance of wire 29 ohms; outside resistance 500 ohms. 
Deflexion 1 millimetre. 

To calculate the amount of heat corresponding to this 
deflexion, we have, taking the E.M.F. of a Daniell cell as 
1 volt, 


Heat developed per sec. = te 
29 1 ; 
= 529? X 79> 000,024 calorie 


over the whole length of the tube, or :000,000,3 calorie per 
centimetre of the tube. 

While this very small degree of heating was within the 
range of experimental certainty so long as the clockwork was 
going, it was impossible to keep any index visible at all when 
the clock had stopped, even though several concentric screens 
were placed round the tube. 


The apparatus in this form was subject to the great fault 
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that the phosphorus refused to form the oxide at a temperature 
below 15° C., which prevented the instrument being used on 
many days. 

With the view of getting over this difficulty with the 
phosphorus index, and if possible of obtaining greater sen- 
sitiveness, a form of index was adopted which was a modifi- 
cation of Dr. Joule’s arrangement. 

The tube was closed at each end, the partition reaching 
right up to the cork at the top and leaving a space of about 
fifteen centimetres at the bottom. Twelve centimetres. below 
the top of the partition a hole was punched in the card. Into 
this hole a short cylinder of paper was glued. This is shown 
at A in figs. 8 & 9. A plane mirror, M, fitted into this tube, 
allowing about 1 millimetre clearance all round. It was 
fastened to a cross bar, at the other end of which a counter- 
poise (W) was fixed. 

The mirror and counterpoise were suspended by a fine quartz 
fibre from a pin (H, fig. 8), which passed through the cork 
used to close the tube. When the mirror is at rest it almost 
completely fills up the hole in the partition, and forms a very 
delicate means of detecting any differences of pressure in the 
air at the two sides of the partition. 

A small recess (B, fig. 9) was made in the partition for the 
counterpoise, and covered in so that it was not exposed to the 
current of air. The arrangement is shown in elevation 
in fig. 8, and in section through K L in fig. 9. Fig. 10 
shows the mirror and counterpoise separately. A hole was 
ground in the tube immediately in front of the mirror, into 
which a lens of a metre focal length was cemented. 

In this form of the instrument the guard-tube, if continuous, 
would have prevented the formation of a clear image. It 
was therefore necessary to divide it into two portions. Rings 
of mahogany (N, fig. 11) were cemented to the top of 
the lower portion and to the top and bottom of the upper. 
The two rings N, Nz were connected together by three bolts, 
of such a length as to leave a space of about two centimetres 
between the rings. This break in the guard-tube came just 
on a level with the mirror, and thus allowed the beam of light 
to pass freely. ‘The passage of the bolts before the mirror 
produced no inconvenient effect on the image formed on the 
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scale. The ends of the wire were brought out at the bottom 
of the tube, leaving about half an inch free. When using a 
continuous current, two brass clips (A, fig. 11) were placed 
on these ends so as to connect them toa pair of binding-screws. 
When using the oscillator these clips were turned down (as 
in the figure), so that the wire should not be connected with 
any body having capacity. 

The following are the dimensions of this tube (No. 4) :— 

Length 126 centimetres, diameter 4°7 centimetres. 

Length of wire 2 x 103 centimetres. ; 

Resistance of wire 38 ohms. 

Diameter of guard-tube 7 centimetres. 

Diameter of mirror 1°2 centimetre. 

Length of fibre 9 centimetres. 

As shaking interfered with the working of the instrument, 
the experiments were performed in a vault, which, however, 
was by no means steady. 

The following are the results obtained when testing the 
sensibility of the instrument (scale at 100 centimetres from 
mirror) :— 


Added Resistance. 


Total Resistance. 


Deflexion. 


ohms. ohms. centimetres. 
5 - 33 


762 | 


= ‘000,014 calorie. 


This is equivalent to one calorie developed in 19 hrs. 42 min. 
Or we may say that one calorie per day developed by the whole 
wire could certainly be detected; that is, one calorie in 
103 days per centimetre of tube. 

The oscillator used to set up the electromagnetic radiation 
consisted of two hollow brass cylinders (D E, fig. 11) 
fixed to ebonite cross pieces (F, C), which could be placed aj 
different heights in a wooden stand. Short brass cylinders, 


— 


MEASUREMENT OF ELECTROMAGNETIC RADIATION. 39 


with well-rounded ends, fitted into the ends of D and H, and 
allowed the length and sparking-distance to be altered. These 
cylinders were connected by very fine wire with the terminals 
of the large Ruhmkorff’s coil belonging to the Physical 
Laboratory. The length of the oscillator was the same as that 
of either of the wires in the tube, and it was placed so as to bein 
the plane of the partition of the tube, at a distance of about 
30 centimetres (fig. 11). The best length of spark was about 
half a centimetre. . 


At first, on separating the knobs of the oscillators, so that 


_ no spark passed, the instrument showed a large deflexion in 


the direction of cold. This was due to electrostatic attraction 
between the oscillator and the mirror. To prevent this action 
a piece of tin-foil (EF GH, fig. 8) was pasted round the 
tube at the level of the mirror, a hole being cut in it the 
size of the lens, which effectually put a stop to this action. 

The instrument now indicated a considerable amount of 
heat developed in the wire whenever the coil was worked. 

The effect of altering the capacity of the oscillator by adding 
pieces of tin-foil to the ends was tried, but with no beneficial 
result. — 

A wet duster was hung between the oscillator and the in- 
strument for the purpose of seeing whether the radiation would 


pass through. The deflexion produced was only slightly less 


than when no duster was interposed. 

In order to measure the heat developed by the induced 
currents in the wire, the deflexion produced when the coil 
was worked was noted; then a steady current was sent 
through the wire, and the resistance in the circuit altered till 
an equal deflexion was obtained. The readings obtained with 
the oscillator were somewhat varied, owing to small changes 
in the character of the sparks. Another difficulty was caused 
by the coil often refusing to work continuously for the time 
necessary to get a reading (about 14 minute), as the contact- 
breaker became burnt by the sparks. 

The following are the deflexions obtained in centimetres :— 


45; 44; 37; 386; 35°6; 36:9; 44:8; 
45°53; 40°2; 40°2; 39. 
Mean 40°4 centim. 
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One Daniell cell working through a total external resist- 
ance of 115 ohms gave the following deflexions :— 


41:0; 40:0; 39°3; 40°0; 41:0. 
Mean 40°3 centim. 


We may therefore say that the heating-effect due to the 
oscillations (oscillator at 30 centim.) is equal to that pro- 
duced by one Daniell cell when the external resistance is 
115 ohms, and the working resistance 38 ohms. 

Therefore the heat produced per sec. 

38 1 


='000685 calorie ; 


calories, 


or it would take 24 minutes 20 sec. to produce one calorie. 

The steady E.M.F. between the terminals of the wire 
which produces the same effect as the oscillations is *33 volt. 
Mr. Gregory gives ‘5 volt as the equivalent H.M.F. in his 
experiments. Though the conditions were not sufficiently 
similar to make the numerical results strictly comparable, 
nevertheless the fact that the figures obtained are of the 
same order goes to show that the expansion observed by 
Mr. Gregory was a true expansion due to heat, and that his 
results were real. 

In calculating from the heat developed the mean square 
of the current produced in the -wire by the electrical 
oscillations, it is necessary to take into account the fact that ~ 
these rapidly alternating currents are not uniformly diffused 
throughout. the cross section of the wire, but only pass 
through a thin stratum at the surface. On this account the 
resistance which the wire offers to these rapidly alternating 
currents is greater than that which it offers to steady currents. 

Lord Rayleigh * gives a formula for calculating the effec- 
tive resistance of a wire of round section to an alternating 
current of given frequency. It is 


R'= V(epluR), 
* Phil. Mag., May 1886, p. 388. 
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where R’ is the effective resistance ; R the resistance to 
steady currents in C.G.S. units ; p 2a times the number of 
oscillations in one second ; 7 the length of the wire ; and pu 
the magnetic permeability of the substance of which the wire 
is composed. 

In the following calculation one of the wires only is con- 
sidered. 

The tength of the primary oscillator is 109 centimetres, 
and therefore the wave-length of the radiation given out is 
218 centimetres. If n=number of oscillations per sec., then 


ae > =1'376 x 108, 


The length of the wire (/) is 103 centimetres, and its 
resistance 19 ohms=19 x 10° C.G.S. units. 

In the case of platinum mw may be taken as unity. 

From this it follows that 


R’=29 ohms, 


and since H (half the heat developed in the two wires) 
= 000342 calorie per second 


JH 
ay 
='000049. 


C= 


Owing to the harmonic distribution of the current along the 
wire, in “order to produce a given amount of heat in the whole 
wire,.the strength of the current at the centre must be 2 
times as great as that which would be necessary if the current 
were of uniform strength in all parts of the wire. 

-, the square root of the mean square of the current at 
the centre ='01 ampere. 

While it is impossible from the heat found to form any 
conclusion as to how fast heat was being generated during 
each spark, or what fraction of the whole time the oscillations 
lasted, yet here, as in the former case, the final result depends 
on the mean square of the current. We found by the first 
method that the square root of the mean square was certainly 


D 
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not ‘003 ampere, if the theory was correct ; while by the heat we 
find the square root of the mean square to be ‘01 ampere. The 
arrangements in the two cases were not strictly comparable, 
for in the first the oscillator was only 30 centimetres long, while 
in the second it was 109 centimetres, and because the distance of 
the primary from the secondaries was relatively greater in the 
first than in the second case. We intended to have made a 
second set of measures in which the suspended cranked oscil- 
lator should itself be in the tube of the convection-thermometer 
together with the fixed cranked oscillator. In this way the 
force, if any, between them could be observed and measured. 
at the same time that the deflexion of the mirror due to the 
heat was read ; then, by making contacts with the ends of the 
fixed cranked oscillator alone, and passing a current through 
it so as to produce the same deflexion, all the data would be 
obtained to tell for certain whether the absence of force, or, if 
force was observed, if the actual force was that which the 
provisional theory set out at the beginning of this paper in- 
dicated. The discrepancy of 3:10 in the present instance 
cannot be taken as proving that the theory is wrong, 
and that the forces ought not to be observed, but it does 
clearly show that they must be excessively minute, and that, 
if they exist, it is only by great refinement that they can be 
made evident. No doubt, as Prof. Fitzgerald suggested, the 
use of concentrating cylindrical mirrors of proper form would 
greatly increase the sensitiveness of the whole apparatus. 

We have been prevented from completing this work be- 
cause the elementary laboratory was required, and it is im- 
possible to carry on any really delicate research requiring 
uniform conditions and steadiness in so unsuitable a building 
as the Science Schools. We have therefore published our 
results in their present imperfect condition, partly because we 
believe that the methods employed may be useful to others, 
but chiefly because we hope that some physicist who has the 
advantage of having a steady underground room may be 
induced to make the experiments under more perfect con- 
ditions, and so carry the matter to a successful issue. 
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Dr. Lodge asked Sir William Thomson whether, when 

electric pulses travel along parallel wires with the velocity of 
light, any action could exist between them, for two charged 
spheres travelling together at that velocity exert no mutual 
attraction or repulsion. 

In reply, Sir William said he was inclined to think Mr. 
Boys’ treatment of the subject was in the main correct, but it 
was quite possible that at such velocities the ordinary laws 
might be modified by the fact that the time taken for the force 
to be propagated from wire to wire is comparable with that 
required for the pulse to travel the whole length of the wire. 
As an example of the peculiar effects of rapid discharges he 
said he had seen two copper wires which had been flattened 
against each other by lightning. 

Mr. Boys thought that in his resonators a condition ana- 
logous to stationary waves would exist, for the pulses are 
reflected from the ends. 

Dr. Lodge said he had that afternoon observed the action 
of parallel strips when Leyden-jar discharges were passed 
through them. The strips gave a kick at each discharge. 

Mr. Gregory mentioned that in trying to increase ‘the 
sensitiveness of his meter so as to measure the variation with 
distance, he had found that two resonators in proximity in- 
terfered with each other. He had, however, succeeded in 
increasing the sensibility about five-fold. 

Prof. Worthington asked if it was possible to measure the 
energy of the oscillator, and also whether the quantity caught 
by the resonator could be estimated from the solid angle it 
subtended at the source of energy, wherever that might be. 

Prof. Perry considered it easier to infer the energy of the 
source from that received by the resonator. 

Dr. Lodge said the energy of the source could be easily 
measured. The power radiated was enormous whilst it lasted, 
vastly exceeding that of tropical sunshine ; if it could be made 

continuous, the apparatus would soon be red hot. The 
energy radiated, he said, converges on the resonators, and 
hence the solid-angle method of estimating the amount 
received would be erroneous. .Moreover, the source was not 
at the oscillator, but at a quarter wave-length from it, and 
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most oi the energy returns to the oscillator ; only a small 
fraction is splashed off and sent into space. Small oscillators 
radiate powerfully because the quarter wave-lengths are small; 
whereas the slow oscillators, or alternators used commercially, 
radiate very little of their energy. The exact law of variation 
of intensity of radiation with distance was rather complicated, 
but the theory had beeni completely worked out by Stokes 
in 1848. 

Mr. Blakesley thought the energy that returns to the oscil- 
lator would be available for subsequent radiations. 

Dr. Lodge pointed out that wires or other resonators 
placed within the quarter wave-length would intercept part 
of the returning energy. 


IV. On Certain Relations existing amongst the Refractive 
Indices of some of the Chemical Elements. By the Rev. 
Peiaam Dats, IA. (Abstract.) 


Tae paper contained calculations published by the author 
last year, supplemented with fresh data obtained from Muir’s 
‘Principles of Chemistry.’ 


ee 


V. Additional Notes on Secondary Batteries. By Dr. J. H. 
Giapstone, F.R.S., and W. Hissert, FIC. 


Durina the publication of a series of papers by Dr. 
Gladstone and Mr. Tribe in ‘ Nature,’ 1882, on the “ Che- 
mistry of the Planté and Faure Accumulators,” a dis- 
cussion arose as to whether the sulphate of lead, to which 
they attributed so important a part in the reaction, could be 
reduced by electrolysis. It was shown at the: time by expe- 
rimental proof that this was possible, even when the sulphate 
of lead was pure, and it was contended that when intimately 


* Read November 28, 1890. 
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mixed with peroxide of lead, as in actual practice, there was no 
difficulty about the matter *. 

There arose, however, a belief that a subsulphate of lead 

was produced on the plates. Some experimenters found in 
this belief an explanation of the difficulty in reducing those 
masses of salt which occasionally form in practice, while others 
looked upon the subsalt as more easily reducible than the 
neutral compound. 
_ So far as we are aware, no specimen of the supposed sub- 
salt was described till Professor Frankland published his paper 
in the Royal Society’s Proceedings, 1889, vol. xlvi. p. 304,.in 
which he gives an account of what he believes to be two 
definite subsulphates. That produced from litharge we have 
already examined in our paper of last Junef. Since then we 
have turned our attention to the other possible subsalt made 
by the action of sulphuric acid on minium. 

In the original paper, Gladstone and Tribe gave the formula 
of decomposition as 

Pb,0, + 2H,SO,= PbO, + 2PbSO,+ 2H,0. 
They showed by means of a quantitative experiment its 
gradual slow formation, and said, “It is evident that in a 
Faure battery we are dealing with plates that consist of a 
superficial layer of mixed peroxide and sulphate of lead.” 

Frankland, while viewing this red substance as a sub. 
sulphate, arrived at precisely the same ultimate composition, 
which he expressed by the formula 8,Pb;Q,;). He adduces, 
however, no evidence to show that it is not a mixture of 
PbO, with 2PbSO,. We sought for some means of deciding 
between these two views. A solution of acetate of ammonium 
is known to dissolve sulphate of lead, and was in fact used 
long ago for that purpose. It might therefore be expected 
to separate the sulphate from the peroxide, while it was not so 
likely to bring about the decomposition of such a compound 


as S.Pb;0 10° 


*# See “The Chemistry of the Secondary Batteries” in ‘Nature’ 


Series. 
+ Phil. Mag. Aug. 1890 ,and Proc, Phys. Soe, x. p. 448. 


‘$ See volume cited, p. 14. 
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Some of the red substance was prepared by treating 
minium with an excess of dilute sulphuric acid (1 of acid 
to 10 of water). After four days the action was still in- 
complete, but eventually it absorbed the full amount of acid 
required by theory. 

The percentage of lead in the resulting red substance was 
just over 72 per cent. 

A portion of this, after treatment with a 3 per cent. solution 
of acetate of ammonium, left a residue which was much 
darker in colour than the original and contained 82 per cent. 
of lead. That is to say, it was approximating towards PbO,, 
which contains 86°6 per cent. of lead. The liquid was colour- 
less, and the ratio between the Pb and SQ, dissolved was 
determined in several different instances. The ratio 


Weight of Pb 
Weight of SO, 
varied from 2°0 to 2°15, pure PbSO, requiring 2°16 and 
Frankland’s compound 3°23. The portion dissolved there- 
fore was not a basic sulphate, and the evidence tells against 
the original substance being a chemical compound. 
Of course, it is impossible to affirm that no subsulphate is 
ever formed in the reactions of a secondary cell, but all that 
we actually know is perfectly consistent with the old and 


simpler supposition that PbSQ, is the salt alternately formed 
and decomposed. 


Action of Sulphuric Acid on Lead. 


In our former communication we described a comparative 
experiment in which dilute sulphuric acid, either alone or 
mixed with a small quantity of sodium sulphate, was allowed 
to act on spongy lead. The experiment was allowed to con-_ 
tinue ‘for five months, and hydrogen gas was given off for 
such a length of time that we thought it would be interesting 
to analyse the resulting substance, 

The residue from the action of the pure acid on the lead 
consisted of 82 per cent. of sulphate of lead and 18 per cent. 
of metallic lead, while that from the action of acid mixed with 
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sulphate of soda consisted of 89 per cent. of lead sulphate 
und 11 per cent. of metallic lead. 

Although the action of the acid on the lead was initially 
diminished by the presence of sodium sulphate, the final result 
in this instance was rather the other way. No doubt the 
whole of the spongy lead would have been converted into 
sulphate if it had not been for the large amount of insoluble 
salt which protected the remaining particles. 

This result throws light on the reason why a lead plate 
deteriorates during a long rest. 


VI. A Lecture Experiment illustrating the Effect of Heat upon 
the Magnetic Susceptibility of Nickel. By SHELFORD Bip- 
WELL, V.A., F.RS.* 


Ir is well known that iron when made red-hot loses its sus- 
ceptibility and practically becomes a non-magnetic metal. 
Nickel becomes non-magnetizable at a much lower tempera- 
ture, perhaps at about 300°. The following is a description 
of a simple piece of apparatus by means of which this effect 
may be shown as a lecture experiment. 

A copper disk, to which a thin projecting tongue of nickel 
is soldered, hangs like the bob of a pendulum from a double 
thread. This bob is held on one side by a horizontally-fixed 
bar-magnet, which attracts and holds fast the nickel tongue 
when brought into contact with it. A spirit-lamp is placed 
beneath the tongue, and in a few seconds the heat: of the 
flame temporarily destroys the magnetic quality of the nickel, 
so that the magnet can no longer hold it. The bob accord- 
. ingly falls back and performs an oscillation. In the course 
of its excursion, however, the metal becomes cooler, and 
when it returns to the neighbourhood of the magnet the 
tongue is once more atiracted. But aftera momentary contact 
it is again liberated, and the process is repeated. If the 
position of the magnet and the size of the flame are properly 
adjusted, and care is taken to shield the apparatus from 


* Read April 13, 1889. 
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currents of air, the bob may be kept swinging for an in- 
definite period like the pendulum of a clock. 

The apparatus is shown in the annexed figure, and its 
dimensions are as follows:—Diameter of the copper bob 


5 centim., thickness 0-08 centim. Length of the projecti 

portion of the nickel tongue 15 centim., width 08 inti 
thickness 0-08 centim. ‘The end of the nickel is filed toa blunt 
point (about 135°). A stout copper wire (0°14 centim. in 
diameter), to which the suspending thread is attached, passes 
through a hole drilled near the upper edge of the disk and is 
fixed by solder. The copper wire is bent in such a manner 
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as to make the nickel tongue hang horizontally. The copper 
disk and the nickel tongue, except the extreme point of the 
latter, are coated with a mixture of lampblack and gold size 
to facilitate cooling by radiation. The length of the pen- 
dulum from the suspending beam to the centre of the bob is 
85 centim. In order to prevent accidents by burning, the 

"lower part of the suspension for a length of about 10 centim. 
is made of fine wire; the remainder consists of ordinary 
sewing-silk. The round bar-magnet is about 13 centim. long 
and 1:2 centim. in diameter ; it slides stiffly through a hori- 
zontal hole in an upright post, and its best position must be 
found by trial. A sheet of white cardboard is fixed behind 
the bob, so that the effect may be well seen at a distance. 

The above dimensions might no doubt be varied con- 
siderably without detriment ; but if they are followed good 
results may be certainly obtained without waste of time in 
experiment. 


VII. Alternate Current-Condensers. By J. SwinBuRNE*, 


THoveH condensers have been proposed for various me- 
thods of distribution of electrical power, schemes involving 
the use of them have never developed enough for alternating 
current-condensers to be made commercially. It is generally 
assumed that there is no difficulty in making them ; all that 
is needed is to separate a number of thin plates by means of 
sheets of insulating material. 

. The first difficulty is insulation. If a condenser is to take 
2000 effective volts, the insulation must be very good. Too 
great thickness of dielectric cannot be allowed, as that would 
_ lessen the capacity and increase the cost of material. The 
surface of such a condenser for, say, ten amperes is about a 
thousand square feet, and the problem of making a thousand 
square feet of thin insulating material that will safely stand 
2000 volts is not easy. I have made samples which, though 


* Read December 12, 1890. 
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only a little over a tenth of a millimetre thick, would stand 
8000 effective volts for some time before breaking down. 
When made up into a large condenser, two or three thousand 
volts would generally break it down in a few hours. 

Insulation is not by any means the only difficulty, however ; 
there is another, which is probably intimately connected with 
it, and that is absorption of electric power in the dielectric, 
and consequent heating. It is well known that Leyden jars 
get hot if charged and discharged frequently ; and also that 
the phenomenon of electric absorption is manifested. When 
there is absorption, the current out of the condenser is not 
proportional to the rate of decrease of the electromotive 
force, and probably the current into it is not proportional to 
the rate of increase. This means that the condenser absorbs 
energy and converts it into heat. 

Such questions have been frequently studied in connexion 
with curves of sines, but it is easier to show the truth of this 
generally. Let C be the current, EH the electromotive force, 
K the capacity, and ¢ the time. Then 


o=K&, 

and the power spent at any instant, 
dE 
EC=EK-~. 


If eis the maximum electromotive force, the work done in 
charging the condenser is thus 


KE dE = 1Ke, 
0 
the ordinary expression. On discharging, the work absorbed 
is 
0 
K{ EdE or —}Ke’. 


It is equally easy to show that no power is absorbed in the 
case of an induction-coil with no hysteresis, without assuming 
the pressure to vary harmonically. 

If C does not vary as the rate of increase or decrease of EB 
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but is greater on charging and less on discharging, power is 
absorbed. A hysteresis curve, like those we are accustomed 
to in iron, can be plotted in the case of a condenser. It has 
no very close analogy with the case of iron, however. 

At first it might seem that absorption might be neglected 
as too trifling to matter in commercial work. This, however, 
is not the case. Some condensers about a foot square and an 
inch thick absorbed over half a horse-power, and soon rose 
above the temperature of boiling water. 

According to Maxwell’s theory, the absorption of power is 
just as easily explained asthe time-lag in discharge. Suppose 
the dielectric is paper soaked in melted paraffin, and suppose 
the fibres of paper do not insulate and that the paraffin does. 
When the plates are charged, a fibre running part of the way 
across the dielectric finds its ends at different potentials ; so 
a current is set up to equalize them. This current means loss 
of power by heat. It also increases the capacity of the con- 
denser. An increase of the capacity of the condenser when 
the pressure is increasing, or after it is applied, means in- 
creased energy put into the condenser. If the capacity of 
the condenser were constant, the current into it would be 
proportional to the rate of increase of the electromotive force, 
and no power would be absorbed in a period ; but if the 
capacity is increased as the pressure rises and decreased as it 
falls, there is an extra current produced which is not propor- 
tional to the rate of increase of the electromotive force, and 
this supplies the loss in the condenser. The condenser may - 
still show perfect insulation under a direct pressure. Accord- 
ing to this theory, absorption is necessarily accompanied by 
an increase of capacity. This.is important in connexion with 
the electromagnetic theory of light. Absorption would: 
always increase the apparent capacity of a condenser, so that 
determinations of specific inductive capacity of absorptive 
dielectrics would come out too high. The dielectrics which 
come out too high, such as glass, are just those which heat 
most. The energy absorbed in a given dielectric would be a 
function of the frequency and the resistance of the conducting 
parts. It is thus possible that a dielectric might be opaque 
to light, and diathermanous if the resistance is comparatively 
low, or transparent to light, but not to dark heat if it is some-. 
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what higher. Similarly a Leyden jar, which absorbs power 
when connected to an alternating dynamo, may lose little of 
its energy internally when discharged oscillatorily by a spark. 
The case of a fibrous imperfect insulator embedded in a 
perfect insulator is not susceptible of mathematical treat- 
ment and was not taken by Maxwell. Mica is perhaps a 
better example. It is a good insulator, but gets very hot. 
Ifa thin plate is put between two sheets of tinfoil, heating 
soon shows. Here we have tinfoil, then a stratum of air, then 
mica, which is itself stratified, then air, then tinfoil again. 
The static attraction presses the foil close against the mica, 
still there is air. Unless the mica is very thick, the fall of 
potential between the plates is so rapid that the air breaks 
down and there is a disruptive discharge between the foil and 
the mica. This actually occurs ; there appears to be a lumi- 
nous layer of minute blue sparks under the foils, and there is 
a strong smell of ozone. The discharge under the foils, which 
is rendered visible by the transparency of the mica, must not 
be confused with the brush-discharge round the edges of the 
foil, which differs in appearance. There is considerable heat- 
ing even when the foil is affixed with paraffin-wax so that 
there is no air. 

Of course mica, being stratified, may consist of alternate 
sheets of some imperfect conductor and an insulator. It is- 
more difficult to find a reason why glass should heat. At 
high temperatures it is an electrolyte, and it has no definite 
solidifying-point, so it may be partially electrolytic at ordi- 
nary temperatures. Such an explanation can hardly be 
applied to such a substance as celluloid. This is a very per- 
fect insulator, at least till it breaks down disruptively, and it 
seems to be homogeneous, and is not hygroscopic, yet it heats 
considerably. 

For commercial condensers the choice of insulating material 
is limited. Most work has been done on condensers with paper 
and hydrocarbon insulation. It is difficult to know whether 
a fault lies in the paper or in the hydrocarbon. The paper is 
baked at a high temperature, and all temperatures and times 
of baking have been tried. Paper goes on giving off water 
till there is nothing but a charred brittle mass left. Many 
hydrocarbons contain enough water to prevent, for instance, 
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their dissolving rubber. Phosphoric anhydride was used to 
dry several samples, but seemed to do little good, in fact the 
crude hydrocarbon was often better. Papers vary astonish- 
ingly in their behaviour. Mr. Bourne, who has been working 
at these things for some months, has tried almost every con- 
ceivable way of making condensers. We are just beginning 
to succeed, but it is more by chance than anything else. We 
see no reason why one particular kind of paper and one 
particular kind of hydrocarbon should be better than the 
others. 

Want of homogeneity in the dielectric of a condenser, or 
of any cable, may lead to disruptive discharges, or break- 
downs. For instance, if a dielectric is made up of portions 
with inductive capacities of 3 and 1 respectively, the parts 
with a high inductive capacity may arrange themselves so 
that the “electric displacement” in the other is so great that 
a disruptive discharge ensues. For instance, if two conduct- 
ing plates are 3 millim. apart in air, with enough pressure to 
spark over 2 millim., and if a 2-millim. slab of a dielectric 
with a specific inductive capacity of 3 is put in, the fall of 
potential over the air is nearly doubled, and it breaks down 
and starts a short circuit. 

Loss of power in dielectrics is not confined to condensers ; 
it may be very serious in cables. A condenser that heated 
excessively was made like the Deptford mains. The dielectric 
was very much thinner in proportion to the pressure, and 
allowing the loss per cubic centimetre to vary as the square 
of the pressure ‘on its sides, a Deptford main would have a 
loss of, very roughly, 7000 watts in the dielectric. It does 
not follow that this is the exact loss in a Deptford main. 
Very small differences in the constitution of the dielectric 
cause large variations in tho power wasted. The loss may 
therefore be very much greater or very much less. Taking 
the specific conductive capacity of the dielectric as 2, a seven- 
mile main has a capacity of 2 microfarads. With 10,000 
volts at a frequency of 80, this takes 10 amperes and 100,000 
“apparent” watts ; 7000 watts is only a small percentage of 
this. 

Another unexpected effect has occurred at Deptford. There 
is an extraordinary rise of pressure. No authoritatively accu- 
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rate accounts have been published, so it is difficult to say what 
has happened ; but it is said that when the mains are put on 
the pressure rises. This is generally explained by saying the 
mains have capacity, and there is self-induction in the circuit, 
and the capacity and self-induction have a period which cor- 
responds with the frequency of the dynamo, so that the 
system sympathises, or acts as a sort of electric resonator, 
thus giving abnormally high pressure. A little consideration 
will show that this theory is untenable. With such a capacity 
as that of the Deptford cables the self-induction would have 
to be enormous. 
Let the capacity of the cable be K, and the self-induction 
of the circuit L, in farads and henries or quadrants. Call # 
and C the electromotive force and current respectively. Then 


dC 
a tae 
ae G=a-KE. 
Combining these equations, 
He 
2 eal TES Bi 


so 


‘and integrating, 


where a is a constant ; 


or 
dh. pichw 
so 
VKIdE __ 
d integrati ae ee 
and integratin eae. 
Saale 7 KL cos!— =t, 
therefore Tinea 


and T=297 /KL 
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When a charged condenser is short-circuited through a 
circuit with self-induction only, oscillation is produced, the 
current and pressure both varying harmonically with a fre- 
quency of 1/27 / IL. 

In the Deptford case, with a capacity of two microfarads 
and a period of 0:0125, the self-induction needed would be half 
ahenry. A choking coil with such a coefficient of self-induc- 
tion wound to carry 250 amperes, which, I understand, is the 
load of one main, would take 64,000 volts to get the current 
through. A transformer only acts on the circuit as a choking 
coil to the small extent due to the waste induction in it. If 
built on the lines of commercial transformers, this one would 
have to be large enough to give'an output of hundreds of 
millions of watts to produce a resonator effect. Moreover, a 
slight alteration in the speed of the dynamo would throw it 
‘“‘out of tune” with the resonator, so that the effect would 
disappear. For instance, a 5 per cent. variation of speed 
would alter the pitch of the dynamo nearly a semitone. 

I+ has been stated that there is a difference of apparent 
ratio in the Deptford transformer when the main is in circuit ; 
that is to say, that though it generally transforms 4 to 1, 
when the main is on it transforms about 44 or 5 to 1. I 
would suggest this is impossible. There is always a “drop” 
in transformers due to waste field. In a transformer for 10,000 
volts and 250 amperes, if properly designed, it would be well 
under | per cent., probably about one tenth per cent. In order 
that-an oscillatory current should be confined to the “line” 
side by the waste induction which causes a drop of 1 per cent. 
and 80 periods per second, the frequency would have to be 
enormous. Such an oscillatory current would also be ex- 
cluded from the secondary at the London end. Any effect 
which does not involve enormous frequencies must show on both 
sides of the transformers. It might be said that the “ drop ” 
of the transformers in the circuit would give enough self- 
induction to produce a frequency corresponding to an upper 
partial of the note of the dynamo. Ifthe dynamo E.M.F. does 
not vary harmonically, such an effect might be produced, but 
it would show on the voltmeters at both ends. To give an 
increase of 15 or 20 per cent. effective pressure, with a total 
transformer drop of 1 per cent., the frequency would be, 
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roughly, 1000, and the effective pressure of the oscillatory 
component 6000 volts. This would give 72 amperes, and the . 
“skin ” effect would absorb a great deal of power. 

There is, however, a simpler explanation. The cables have 
considerable capacity, and take an appreciable current. This 
“leads” relatively to the electromotive force, so the capacity 
current passes in the armature coils when they are just in the 
position to magnetize the fields more strongly. The fields 
cannot follow each pulsation of excitation so produced, but are 
affected by it. heir average excitation is increased. I have 
tried putting a condenser on one of the whole Gramme alter- 
nators, which have rather weak fields, and a large number of 
armature ampere turns. The pressure ran up and burned the 
voltmeter. I have already gone fully into the action of lead- 
ing and lagging currents on dynamo fields elsewhere, so that 
subject need not be pursued here. It would, no doubt, be 
possible to make an alternator excite itself like a series 
machine by putting a condenser on the terminals instead of 
exciting the fields by a direct-current machine. Such an 
arrangement seems scarcely commercial, though interesting. 


VII. The Solution of a Geometrical Problem in Magnetism. 
By T. H. Buaxestey, M.A.* 


THE points in the field of a magnet usually chosen for 
quantitative experiments, such as the determination of H, 
or the control of a galvanometer-needle, lie either in the 
axis of the magnet produced, or the equatorial plane. This 
arises from the very simple expressions for the field in terms 
of the moment of the magnet, and its distance from the point 
considered, in these two cases. But in either of these cases — 
the exact value depends not merely upon these facts, but also 
upon the distance between the poles; and this latter can 
rarely, if ever, be taken to be the entire length of the magnet. 
Hither some such rule as the lopping-off, in imagination, of a 
fraction of the length, is applied, or the virtual distance 


between the poles is expressed as an unknown quantity to be 
determined by additional experiment. 


* Read November 28, 1890, 
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It is easy also to calculate the direction and magnitude of 
the field at a point whose position relatively to the two poles 
is given. But the following proposition is, at first sight, of 
a more difficult order. 

“ Given the two poles of a magnet, and a straight line inter- 
secting at right angles its axis produced at a given point, to 
determine at what point this line is parallel to the field.” 

The solution of this question may be of some scientific 
interest ; because if we know the point experimentally, we can 
determine the length between the virtual poles. But the 
question is important practi- 
cally from its bearing upon Fig. 1. 
that of the deviation of a 
ship’s compass in some cases. 

Suppose AB a long uni- 
formly magnetized rod having 
poles at A and B (say A is 
a north pole), and OP its 
equatorial plane. Then the 
field at P is always parallel 
to A B, and in the direction 
of those letters, which call 
the positive direction. Sup- 
pose a piece CD cut away 
so as to leave a gap having 
same equator. 

At C a south pole is developed, and at D a north pole. 

These two poles produce a field at P parallel to DC, and 
in the negative direction. 

If the point is in the neighbourhood of O, the two inner 
poles will be dominant and the field negative ; butif P is very 
remote from O, the poles A and B will be dominant, and the 
field positive. There must therefore be some position where 
the field vanishes, and the two rods A C, D B would produce 
no deviation on a compass at that point, in whatever direction 
the head of the ship carrying the system pointed. 

Such permanent magnets would produce what is called 
semicircular deviation on a compass situated at any distance 
but this critical one from O; that is, through one semicircle 
the deviation would be easterly, and through the remaining 

E 
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semicircle westerly; but these semicircles would each have 
the deviation produced in it changed in sign if this critical 
point is transgressed. If, however, the rods A C, D B are of 
soft iron, liable to magnetization by the action of the hori- 
zontal component of the earth’s field, the general effect is 
that the direction of the deviation changes sign after every 
quadrant, each pair of opposite quadrants having one kind of 
deviation, easterly or westerly; and in this case the actual 
sign for each pair of opposite quadrants depends upon the 
position of the compass relative to this critical position. 

This application may serve to excuse me for bringing 
forward an easy method of practically finding this point. 

It is clear that the point is one for which the field due to 
either magnet, AC or D B, alone, would be entirely along 
OP, i. e. at right angles to the axis of the magnet. 


The Solution. 


Let nm be the position of 
the poles of amagnet,and P_ p 
a point situated at distance 
d from O, O being in the axis 
of the magnet produced, and 
PO being perpendicular to @ 
Omn. 

Let the distance 


On =n, 


Fig. 2. 


Om=m. fl Be La 


Let p be the numerical value of the poles m and n. 

Then, writing down the condition that the component parallel 
to the magnet of the field produced at P by p at m shall be 
equal and opposite to the same thing produced by p at n, we 
obtain 

eS RE Toke: eben 1 

(P+m)s (P4n2)b © 7 7 ) 
as the equation to find d, all the other measurements being. 
known. 

Manipulating this expression, we have at length 

PF 8. B@ 1. m+n? 
(<) -2% = %— SOC OL (2) 


2mn 4 2mn 
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Now it happens that in hyperbolic trigonometry we have 


cosh® 6—#cosh@—}cosh30=0. . . . . (8) 
If, therefore, we make 
2 2 
ae =cosh30, ..... (A) 


we have also 


@? 

Sinan cosh pee eS Sem! 50 (5) 
By means, therefore, of the table of hyperbolic sines and 

cosines which this Society has recently published, we can 

‘easily determine d. 


We can deduce the distance of the poles apart, by applying 
this proposition inversely. 

It is of course very easy to arrive at this state of things 
practically with a magnet. 

Suppose we arrange a small magnetometer-needle in the 
meridian, and notice the position of the light-beam on a scale 
in an ordinary way. 

Find the direction of the axis of the needle by the condi- 
tion that a long magnet laid in that line will not affect the 
position of the spot of light ; then place that magnet, or any 
other, at right angles to this position and move it in the 
direction of its length until again the spot of light is at its 
old place. No torsion affects these observations; indeed, the 
real meridian need not have been the direction found. 

Then, obviously, of the various quantities quoted in the 


problem, we are in direct possession of d and m+n (the latter 


because the middle point of the magnet is distant m=) p 


perpendicularly from the axis of the magnetometer-needle); 
but the pole-distance m—n= 2a is only implicitly known. 

Its value may be deduced from the equations (4) and (5); 
thus 


where 
t _ , /cosh 36+1, 
d 4 cosh 6 


The latter function is not hard to deduce from the tables. 
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Experiments on this plan showed that the virtual distance 
between the poles soon approaches the full length of the 


magnet. 
It remains to give the expression for the field under the — 


circumstances. It is 


4M cosh? @ 
d° (4 cosh? @—1)? 


where M is the moment, or p(n—m). 
It will be noticed that we have’ : at our disposal if we allow 


d to vary, ¢. e. one degree of freedom. Suppose, therefore, 
we arrange to simplify the expression for the field by putting 


cosh? é= “3 


_ 5M, 


Then the fiel = 
en the field 383 


but at the same time, since 


cosh 6= A 


cosh 86= V5, 


1, /cosh 30+1 _ ee 
“4cosh@ — 2x 54 


G+) 


='850651. 


Let tan o=5 —, then 
5 p=40° 23’ 10”, 


and we must keep the middle point of the magnet on the line 
making this angle with the meridian. 
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IX. Some Experiments with Selenium Cells. 
By SHetrorp Bipwet, M.A., F.R.S.* 


Ir is well known that selenium, like sulphur, which it 
closely resembles in its chemical properties, is capable 
of existing in several distinct forms, differing greatly in 
appearance. The modifications most commonly met with are 
known as the black amorphous or vitreous, the red amorphous, 
and the crystalline forms. Selenium is, I believe, always 
supplied commercially in the vitreous condition. Vitreous 
selenium is as structureless as glass, and, when its surface is 
smooth and clean, it is very like black sealing-wax in appear- 
ance. In thin films, however, it is seen to be transparent and 
of aruby-red colour. It melts, after first softening, at a tem- 
perature of about 100° C. Red amorphous selenium isa finely 
divided brick-red powder, which, at a temperature of from 
80 to 100°, becomes transformed into the ordinary dark- 
coloured vitreous form. Crystalline selenium is obtained by 
keeping melted vitreous selenium at a temperature of from 
100° to 200° for some time, the black liquid mass being 
gradually converted into a hard slate-coloured solid. This 
form of selenium melts at 217°: it resembles a metal in 
appearance, and even in the thinnest films it is quite opaque 
to light. 

In the vitreous condition selenium is a practically perfect 
non-conductor of electricity : so it is also in the powdery 
condition if perfectly dry. Crystalline selenium, on the 
other hand, is, according to the books, a good conductor, 
In comparison with true metals, however, it conducts rather 
badly. I found some time ago that the specific resistance 
of a plate of crystalline selenium, which had been annealed: 
for several hours in a glass mould, out of contact with any 
metal, was 2500 megohms, while that of another specimen 
annealed in contact with copper electrodes was 0°9 megohm, 
the lower resistance in the latter case being due, as I then. 
suggested and still think probable, to the formation of copper 


selenide during the heating. | 
A very remarkable fact, first published by Mr. Willoughby 


* Read December 12, 1890. 
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Smith in 1873, is that the resistance of crystalline selenium 
appears to be temporarily diminished by the action of light. 
This effect is easily shown by means of a small piece of 
crystalline selenium fitted with wire elgctrodes and joined up 
in circuit with a battery and a reflecting-galvanometer. The 
galvanometer-deflexion is increased when the selenium is 
illuminated. 

In order that the resistance of a so-called “ selenium cell” 
may be kept as low as possible, and the light made to produce 
a maximum effect, three conditions have to be aimed at. 
The electrodes should be large; they should be near 
together; and the selenium, in order to expose a large 
surface relatively to its volume, should consist of a thin film. 
Several contrivances have been proposed with the view of 
fulfilling these requirements. A simple and, I believe, 
effective one is that which I suggested ten years ago 
(‘ Nature,’ vol. xxiii. p. 58). A fine copper wire is wound . 
upon an oblong strip of mica from end to end, the number 
of turns being about 20 to the inch: a second wire is then 
wound on, parallel to the first, the turns of the second wire 
alternating with those of the first ; great care is taken that 
the two wires do not touch each other anywhere. A thin 
layer of melted selenium is spread over one surface of the 
mica, filling the spaces between the wires. The film is 
first quickly cooled by placing the mica upon any con- 
venient cold surface, then it is crystallized by heating at a 
temperature of about 200°, and, lastly, it is annealed by 
gradually lowering the temperature for several hours. A 
cell made in this manner, with a surface of about 10 sq. em., 
is generally found to have a resistance in the dark of from 
50,000 to 100,000 ohms. As a rule, those cells which have 
an unusually low resistance are less sensitive to light than 
others. In a cell of average quality the resistance is reduced 
about 50 per cent. by the light of an ordinary gas-flame at 
the distance of one foot. 

I made a number of cells on this plan in the years 1880 
and 1881. Up to the end of 1882 they were frequently 
used, and no material falling off in their sensitiveness was 
noticed. Thirteen of these cells were laid aside until 1885. 
They had then for the most part deteriorated more or less, 
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one or two of them being quite useless. They were again 
put away until the present year, 1890, when it was found 
that only one of the thirteen retained its original sensitive- 
ness and resistance upimpaired.* A second one worked 
fairly well with a feeble current, its resistance with a single 
Leclanché cell being in the eee 14,000 ohms, and when 
illuminated by a pene at 12 ane 8000 ohms ; but 
with a battery of six cells the resistance became variable and 
unsteady, as if there were a loose contact somewhere, and a 
continuous boiling noise was heard in a telephone introduced 
into the circuit. The resistance of the remaining eleven 
cells had fallen enormously, in some cases to less than 10 ohms, 
and they were quite insensitive to the action of light. An 
attempt was made to restore most of them by melting down 
the selenium and recrystallizing and annealing ; but though 
the resistance could in this manner be brought up again to a 
high point, the sensitiveness of the renovated cells was in all 
cases found to be very poor. 

Prof. Adams states (Phil. Trans. vol. clxvii. p. 348) that 
in the course of a year the resistance of most of the pieces of 
selenium with which he performed his well-known experi- 
ments fell very considerably, and it would be of great interest 
to know what is the cause of this curious phenomenon. In 
the case of my own cells, I satisfied myself that it certainly 
was not due to any short-circuiting of the wires by contact ; 
and I suggest that it may be owing to the presence of an 
excessive amount of conducting selenide formed by the union 
of the selenium with the metal of the electrodes. Hach wire 
is covered with a layer of selenide, which gradually increases 
in thickness at the expense of the free, badly-conducting 
selenium, and thus the resistance of the cell slowly falls. At 
length the layers of selenide become so thick that the coatings 
upon the two wires actually meet and touch each other. 
Thereupon the cell is short-circuited ; its resistance no longer 
depends upon the’ selenium but upon the metallic selenide, 
which is a good conductor. 

I have in a former paper (Proc. Phys. Soe. vol. vii. p. 129 ; 
Phil. Mag. Aug. 1885, p. 178) given reasons for believing 


* This cell had the unusually high resistance of 400,000 ohins, reduced 
by the light of a gas-jet at one foot to 190,000 ohms. 
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that the presence of a certain amount of metallic selenide is 
essential to the sensitiveness of a cell, and I have stated my 
opinion that the true function of the prolonged heating, 
generally termed “ annealing,” is the formation of this neces- 
sary selenide, which, when a current passes through the cell, 
is electrolysed, selenium being deposited upon the anode wire. 
With the weak currents generally used, the quantity of 
deposited selenium would be very small, and would at once 
unite with the metal of the electrode. But if a sufficiently 
strong current were passed, it is conceivable that the 
selenium might be separated in quantities too great to be 
disposed of in this manner. Then the free selenium around 
the electrode ought to be visible. This view is confirmed by 
arecent experiment. A cell was made last October with new 
selenium and the usual copper-wire electrodes. It was well 
annealed, and its resistance was about 50,000 ohms. The 
cell was connected toa 26-volt battery, and left for two days. 
At the end of that time the cell presented a remarkable 
appearance, those portions of the anode wire where the 
selenium coating happened to be thin being covered with red 
feathery tufts, some of which had dropped off and fallen 
upon the paper on which the cell was lying. Ordinary tests 
showed that the red stuff consisted, mainly at all events, of 
red amorphous selenium. But it was clearly moist. All 
very fine powders seem to attract moisture from the atmo- 
sphere ; but in the present case the moisture appeared to be 
greater than could be thus accounted for. An examination 
under the microscope disclosed the presence of a number of 
minute lumps of a white substance, intermixed with the red 
stuff. The lumps had the appearance of pieces of calcium 
chloride which had been exposed to the air, and they were 
clearly the origin of the moisture. They consisted, no doubt, 
of selehium oxide or hydroxide, which is probably a deliques- 
cent substance.* This oxide might perhaps be formed by 
the direct combination of some of the freshly separated 
selenium with the oxygen of the air, or with that resulting 
from the electrolysis of traces of water existing in the cell. 

In the discussion which followed the reading of my former 


* Since the above was written, Prof. S. U. Pickering, F.R.S., has told 
me that the oxides of selenium are deliquescent. 
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paper, the late Mr. J. W. Clark took exception to a hy- 
pothesis therein put forward as to the probable action of the 
selenides formed in selenium cells, on the ground that selenide 
of copper conducted metallically and not electrolytically. 
This he stated to have been experimentally proved by Hittorf 
(Pogg. Ann. vol. Ixxxiv. 1857, quoted by J. W. Clark, Proc, 
Phys. Soc. vol. vii. pp. 119, 120*; Phil. Mag. July 1885, 
pp. 38, 39). But if the amorphous selenium surrounding the 
anode in my recent experiment was formed otherwise than by 
electrolysis, it is difficult to imagine why it should be confined 
to the anode, as was seen to be the fact, and not extend also to 
the kathode and other portions of the cell. The inference seems 
to be that copper selenide does conduct electrolytically t. 

When the resistance of this cell was tested with the Wheat- 
stone’s bridge, it was found to have diminished enormously. 
It was also not sensibly affected by illumination, but, on the 
other hand, it appeared to be dependent in a curious way on 
the direction of the current used in testing. With one 
Leclanché cell and equal proportional coils of 100 ohms 
each, the resistance with a current from anode{ to kathode 
was 4500 ohms, and with a current in the opposite direction 
only 2900 ohms. The change occurred with great regularity 
as often as the current was reversed. 

The cell was then connected directly to the galvanometer 
without any battery, and a very small polarization current 
from kathode to anode through the cell was indicated. While 
thus connected, a piece of magnesium ribbon was burnt near 
the cell. Instantly the spot of light was deflected off the 
scale by a current in the opposite direction (i. e. from anode 
to kathode internally), returning to its former position as soon 
as the magnesium was extinguished. This was not a thermo- 
electric effect, for the approach of a hot brass rod caused a 
smaller current from kathode to anade, which subsided slowly 
and not suddenly when the rod was withdrawn. 


* This paper of Mr. Clark’s, though printed in the ‘ Proceedings’ be- 
fore my own, was in fact read after it. 
+ The cell with the red amorphous selenium on the anode was exhibited 


to the meeting. ae 
t The wire upon which the amorphous selenium was deposited is hera 


and afterwards called the anode. 
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Photoelectric currents of this character had been previously 
observed by Prof. Adams and by Mr. Fritts of New York, 
but no explanation of their origin has been attempted. 
Perhaps the behaviour of my cell may suggest the direction 
in which the source of such currents should be looked for, but 
1 have not yet followed up the inquiry. 

In the illustration of lectures it is often desirable to be able 
to exhibit experimental effects in a striking and attractive 
manner. The movements of a spot of light upon a scale may 
be convincing, but they are hardly impressive. Yet the 
resistance of sensitive selenium cells is so high that the varia- 
tion, under the influence of light, of currents passing through 
them cannot easily be demonstrated to an audience in any 
other manner than by their action upon a reflecting-galva- 
nometer. With sufficient battery-power they may, however, 
be made to work a delicate relay, and thus to produce in- 
directly a great variety of startling effects. For example, a 
selenium cell may be connected with a relay and a battery in 
such a manner that a bell is rang when the cell is in the dark 
and ceases to ring when the cell is illuminated ; the bell 
circuit remaining closed when the current through the 
selenium circuit is below a certain strength, and being broken 
by the relay when the selenium current is increased by the 
action of light. It is possible that if selenium cells could be 
made to retain their sensitiveness for a reasonable time, an 
arrangement of this kind might receive a practical applica- 
tion. It might be used to give notice of the accidental ex- 
tinction of railway signal-lamps or of ships’ lights ; and if the 
connexions were so made that light and not darkness set the 
bell in action, it might be employed for the protection of safes 
and strong-rooms, the mere light of a burglar’s lantern being 
sufficient to give an alarm. 

Again, if the relay is connected with an electric lamp 
instead’ of a bell, it constitutes a contrivance by means of 
which a light is provided automatically when required, and 
extinguished when no longer wanted. It gives us a lamp 
which will light itself in the dark and put itself out in the 
light. The relay can be adjusted so that the lamp may be 
turned out when the external illumination reaches any desired 
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point, the diffused light of a dull December day being quite 
sufficient to act upon the selenium *. 

But I do not at present attach any serious importance to 
such practical applications of these devices. I regard them 
simply as affording somewhat attractive illustrations of the 
effect of light upon the resistance of selenium. 


X. Experiments in Photoelectricity. By Grorer M. Mincutn, 
M.A., Professor of Mathematics in the Royal Indian Engi- 
neering College, Coopers Hill t. 


Nzak the beginning of the year 1877 I commenced a long 
series of investigations in Photoelectricity, and I was not 
then aware that M. Becquerel had previously worked at 
this subject and had obtained some results which I also ob- 
tained independently. In the spring of 1880 I made a verbal 
communication to this Society, illustrated by experiments, on 
the generation of electric currents by the action of light on 
silver plates which were coated with collodion and gelatine 
emulsions of bromide, chloride, iodide, and other salts of silver, 
as well as with eosine, fluorescine, and various aniline dyes. 
A short summary of these results appears in the Report of the 
meeting of the British Association that year at Swansea.. 
The chief object which I had then in view in prosecuting such 
experiments was the solution of the problem of producing a 
photographic image of an object at a distance by means of a 
instrument which is still imaginary and whicl. 1 proposed to 
call a telephotograph. 

As these experiments have never been published in ade- 
quate detail, I propose to begin this paper with an account of 
them. 

Silver Plates. 


Let two strips of cleaned silver foil be each fastened on a 
plate of glass, by means of pitch or other suitable substance ; 
take some finely powdered chloride of silver and shake it up 

“well in a test-tube containing collodion, the emulsion being, 


* Experiments with the bell and the lamp were shown at the meeting. 
+ Read January 16, 1891. 
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of course, screened from light by a covering of black paper 
on the test-tube ; pour a thin coating of the emulsion over 
both silver plates in the dark ; and when the films have set, 
immerse both plates in a glass vessel containing distilled 
water with a few grains of common salt; screen one plate 
completely ; and then connect the plates with the terminals 
of a Thomson galvanometer. A disturbing current will, of 
course, be produced ; but if the plates are very nearly alike, 
this current will be small and will soon almost disappear. 

Now, on exposing the unscreened plate to light, a current 
will be produced, and the exposed plate is negative to the un- 
exposed (7. e., as copper to zinc). 

The direction of the disturbing current is not in any way 
related to the direction of the current produced by light—as 
is, indeed, a priori evident. 

If the plates are coated with an emulsion of bromide of 
silver, the liquid being distilled water with a few grains of 
bromide of potassium, the exposed plate is made also negative 
with respect to the unexposed by the action of light. 

If the plates are coated with iodide of silver by first pouring 
a layer of iodized collodion over them, and then immersing 
them in a nitrate of silver bath, the liquid being water with a 
few grains of iodide of potassium, we obtain a reversal of the 
nature of the exposed plate ; z.e. the action of light makes 
the exposed plate positive with respect to the unexposed. 

By placing coloured glasses in front of the exposed plate 
in each of these cells, it was found that the red rays produced 
comparatively feeble currents, while the currents produced by 
the blue and violet rays were very great; but the directions 
of the currents were the same for all rays. 

A somewhat different result was obtained when the plates 
were coated with an emulsion of sulphide of silver, the liquid 
being water with a few grains of sulphate of potash. The 
exposed plate is, as in the case of iodide of silver, positive. 
In this cell the directions of the currents were the same for 
rays passing through all the coloured glasses; but the strength 
of the current was very much less for rays passing through 
the green glass than for the rays at each side of the green. 

When the plates were coated with an emulsion of nitrate’ 
of silver and gelatine, the water containing a few grains of 
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nitrate of barium, the exposed plate was positive, the effect of 
the red rays being exceedingly small and that of the blue very 
great. 

Photographic Effect of the Current.—A fact of very great 
importance in this subject is that which relates to the action 
of an electric current which passes through a photographic 
layer on a plate. 

Two silver plates, each coated with a film of Liverpool 
emulsion (bromide of silver), were immersed in a tumbler 
containing distilled water and a few grains of bromide of 
potassium. One of these plates was connected with the zinc 
and the other with the carbon pole of a bichromate cell. The 
current was allowed to pass through the plates for a few 
seconds, with the following results :— 

(1) The plate connected with the carbon pole was, without 
the employment of any developer, visibly blackened in its 
immersed part. 

(2) No visible change took place on the other plate ; but 
when the plate was developed, by pouring over it the usual 
pyrogallic acid developer, its immersed portion was also 
blackened. | 

The photographic result was also obtained when the bichro- 
mate cell, which originated the current, was replaced by a 
’ photoelectric cell exposed to light. A vessel containing dis- 
tilled water and a small quantity of bromide of potassium was 
placed in a dark room; in this vessel were immersed (or 
partially immersed) two silver plates S’, V’, the first coated 
with a film of Liverpool emulsion, the second uncoated. These 
plates were connected by insulated wires with the plates, 8, V, 
of a glass cell containing water and a small quantity of 
common salt, the plate S being coated with a layer of a 
chloride of silver emulsion, and the plate V being uncoated. 
Magnesium light was then allowed to fall on the plate 8 of 
this latter cell for a few minutes. Now, whether 8’ was 
connected with S or with V, the plate S’ when taken out of 
the vessel and developed was very sensibly blacker on its 
immersed portion than on the unimmersed. The action on 
the plate S! was assisted by exposing it for about ten seconds 
to gaslight before the photoelectric current of the exposed 
cell was passed through it. The eftect is undoubtedly due to 
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the action of the current, because when the plate S’ was left 
immersed in its cell for twenty hours and then developed, no 
slackening effect was produced. 

Not only is this photographic effect of the current import- 
ant, but it is also important to prove that the effect on a 
sensitized plate is strictly confined to those portions of it 
through which a current passes; and to establish this fact 
more fully the following experiment was made :— 

On a glass plate, ABCD, were cemented, close together 
but not in contact, several strips of silver foil, a, 6, ¢, d, . - «, 
the whole plate being uniformly 
coated with a film of Liverpool emul- 
sion ; two or more of the silver strips, 
a,c, were put into the circuit of a 
bichromate cell, the other strips, 6, d, 
being left out of the circuit. This 
glass plate with its strips was half 
immersed in a vessel of water in pre- 
sence of another silver plate, and the 
current was passed for a few seconds. 
On removing the sensitized plate A B 
from the vessel and applying the 
developer, the blackening took place only on those strips 
which were metallically thrown into the cireuit, and only on 
the immersed portions of those strips. 

I made use of this principle in an attempt to transmit an 
image of a simple figure to a distance ; but the arrangements 
were so difficult that the success attained was small, and I 
must leave the matter for renewed trial. 

Eosine-—Comparatively strong currents are obtained by 
coating a silver plate with an emulsion of eosine and gelatine, | 
and the currents are strengthened by allowing the film to 
set thoroughly on the plate. But such a plate has the draw- 
back that the eosine readily leaves the film and comes into 
the liquid. This passage of the eosine may be delayed by 
pouring a layer of collodion over the dry gelatine film. By 
the action of light, this plate is rendered negative to the un- 
exposed plate. 

When daylight was allowed to fall on this plate, any 
variation of the light caused by a passing cloud, or the inter- 


Fig. 1. 
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position and withdrawal of the hand in front of the cell, was 
at once accompanied by a variation of the current strength 3 
and the same thing is true for all the cells previously de- 
scribed ; but no variations of sufficient rapidity are produced 
to affect a telephone, although the make and break of the 
current itself is, of course, amply sufficient to do so. 

The photographic action on a bromide-of-silver plate placed 
in a cell in a dark room and connected with one of the poles 
of an eosine cell was effected by the current generated by 
daylight in the latter without any preliminary exposure of 
the bromide plate to gaslight. 

A very curious case of inversion of the current produced by 
light was observed in a cell containing eosine in solution ; 
and as the same effect was occasionally observed in cells of 
other kinds employed in experiments made long afterwards, 
I shall draw attention to the phenomenon here. 

Two clean silver plates were immersed in a glass cell con- 
taining distilled water anda very small quantity of eosine. 
One of these plates was screened and the other exposed to 
light, both being connected with the galvanometer. Imme- 
diately on exposure of the plate to light, there was generated 
a current in which the exposed plate was positive to the other. 
This current, however, lasted for only a second, and it was 
then (the exposure continuing) succeeded by a steady and much 
stronger current in the opposite direction, this latter being 
the current which would exist if the plate had been coated 
with an eosine-gelatine film in the usual way, any variation 
in the intensity of the light being answered by a corresponding 
variation in the strength of the photoelectric current. Now 
when the light was suddenly shut off from the plate, the 
instantaneous effect was to increase the existing current—the 
effect being merely impulsive—after which (the plate being 
screened) the current gradually disappeared. This result 
was again and again reproduced, and exactly the same result 
was found if the water in the cell contained a small quantity 
of fluorescine instead of eosine, except that the initial and 
final impulsive currents were much smaller with fluorescine 
than with eosine. 

The plates of this cell having been left in the liquid and 
kept in the dark for a fortnight, the action of light was again 
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tried ; and it was then found that, while the inverse currents 
were produced as before, the initial current on exposure was 
enormously increased both in magnitude and in duration. It 
now disappeared gradually, and was succeeded by a current 
in the reverse direction. 

When one of these plates was removed from the cell and 
immersed in water in presence of a clean silver plate, it was 
at once, on exposure to light, negative, like a silver plate 
coated in the ordinary way with an emulsion of eosine. 

M. Becquerel, in the course of his experiments on the 
electric action of light on plates coated with salts of silver, 
made the observation that in the case of silver plates coated 
with bromide, chloride, and iodide of silver, the nature of the 
exposed plate (whether positive or negative) depends on the 
thickness of the layer deposited on the surface of the plate. 
Thus, he says (La Lumiére, vol. ii. p. 129):—“ By depositing 
on one of these plates a thin layer of iodide, obtained by the 
action of the vapour of iodine at the ordinary temperature, 
and then exposing this plate to light, it was found that it 
took positive electricity from the liquid... . . With a thick 
layer of iodide on the surface of the silver, there is, on the 
contrary, a current the inverse of the preceding ; that is to 
say, the plate exposed to light took negative electricity. ‘ This 
‘result shows that, in this case, iodine acts on silver under the 
influence of light.” He then gives a table of deflexions 
obtained when various coloured glasses were placed in front 
of a silver plate coated with a thick layer of iodide, the 
greatest effect being produced by violet rays, and the least by 
red, the former being 22 times the latter. 

M. Becquerel continues :—“ Thus, whilst with chloride and 
bromide of silver precipitated, placed on plates of platinum, 
there is always produced a current of the same sense, the 
exposed plate being positive, with a layer deposited on silver, 
there is an effect depending on the thickness of this layer. 
These two inverse effects indicate that there should be neces- 
sarily a thickness for which the electric effect is almost 
nothing.” 

These observations of M. Becquerel may possibly explain 
the above inverse effects in the eosine-silver cell; but his last 
conjecture would not be practically verifiable, unless, when 
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the critical thickness was reached, the state of the sensitive 
surface was one of stability. One result, however, would pretty 
evidently follow, viz., that if on the same plate a portion of 
the layer was below the critical thickness, while the remain- 
der was above it, the plate, on exposure, might be, on the 
whole, positive, negative, or inert. In the case of photo- 
electric cells to be subsequently described, it is possible that 
the observed results are due to this cause. 

Certain mordants were tried for the purpose of preventing 
the eosine from leaving the film. The sensitized plate was 
washed with a solution of borax, which had the effect of 
keeping the film on the plate, but almost completely de- 
stroyed its sensitiveness to light. A similar effect followed 
from the employment of a solution of chloride of aluminium. 
The best effect was produced when a silver plate coated with 
an emulsion of eosine and photographic gelatine was immersed 
for a few minutes in a strong solution of alum. 

Naphthalene red, a substance soluble in alcohol and only 
slightly soluble in water, was also used in place of eosine. A 
little of this was dissolved in alcohol and then emulsified with 
gelatine. It was then poured on a silver plate, and the film 
was allowed to set thoroughly. The photoelectric currents 
produced were not quite so strong as those obtained with 
eosine. ‘The effect is much greater in the blue than in any 
other part of the spectrum, the exposed plate being positive ; 
and, apparently, with strong red rays, there is a reversal of 
the sign of the H.M.F. 

Various other substances were used, among which I may 
mention iodine green, which gives rather strong currents 
with daylight, the exposed plate being negative. — 

In all these cells the E.M.F. is feeble compared with the 
electromotive forces which I have obtained by other means. 
to be presently described ; but in the case of silver plates 
coated with iodine green, an E.M.F. of about 35 volt can be 
observed with sunlight. 

Fluorescine used like eosine on silver or platinum plates 
gives poor results. 

A few experiments with a solution of sulphate of quinine 
and some other fluorescent liquids were made with a view to 
connecting fluorescence with electric effect ; but the observed 
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results were comparatively small, and the subject has been 
left for further trial. 
Other Metals. 

Many experiments were made with other metals, but the 
currents produced by most of them were smaller than those 
given by silver plates. Thus, I have on record an experiment 
in which bismuth was melted into thin plates which were 
fixed on glass, and then immersed in a cell containing water. 
When light fell on one of these plates, a considerable current 
was generated, the exposed plate being positive; but on 
adding a solution of chloride of bismuth to the water, the 
current generated by light was‘reversed. On taking them 
out of the cell and washing them with distilled water, and 
then immersing them again in a water-cell, when the plate 
was exposed to light, there was an impulsive current corre- 
sponding to a negative nature of the plate, but this was 
promptly succeeded by a very large current in the opposite 
direction—just as in the cases previously mentioned. 

Copper, antimony, and other metals were also tried, but 
the results are not of sufficient importance to demand any 
detailed record. In particular, iron plates coated with the 
magnetic oxide and immersed in water yielded photoelectric 
currents. 


Tin Plates. 


A glass cell containing a solution of fluorescine in distilled 
water, in which two silver plates had been immersed, was 
taken for trial with other than silver plates. Almost the 
first metal that I used in this cell was tin. Two plates of 
tin foil whose surface had not been in any way prepared, 
but which was in the state in which it was obtained from 
the manufacturers, were fixed on plates of glass and placed 
in the cell. One of them being screened from light and the 
other exposed, a very strong current was the result. When 
the tin plates were replaced by copper, a current, but of less 
strength, was also produced. Gold plates gave no current 
_ at all. It was found, however, that the fluorescine was 
unnecessary, and that when common tap-water was used in 
the cell, the currents produced by light seemed to be no 
weaker than before. Ifthe hand or any other screen were 


IN PHOTOELECTRICITY. 15 


moved rapidly in front of the exposed plate, the spot on the 
galvanometer-scale moved correspondingly. A telephone 
was put into the circuit with a view to the production of 
sound by variations in the incident light, but the alterations 
were not sufficiently rapid to produce this result. A battery 
of three cells in series was then formed, but no sound was 
produced in the telephone, and, moreover, the current 
indicated by the galvanometer was no greater than when 
only one cell was used. This latter fact seemed most extra- 
ordinary ; but, on examining the cells separately, I found 
that one of the cells was producing a current in a sense 
opposed to that of the current given by the other two. Of 
this more presently. 

When the liquid in the cell was distilled water, currents 
were still produced by the action of light on the tin. When 
a drop of sulphuric acid was added to the water, the currents 
ceased. 

In nearly every cell that I used with tin plates—whose 
surfaces, as stated above, had not been treated in any way— 
the exposed plate was positive to the unexposed ; but, after a 
time varying from a few minutes to a few hours, it was 
found that this positive current died out and was replaced 
by an apparently stronger current, in which the exposed 
plate was negative. Thus there was a change in the sign of 
the E.M.F. produced, by the continuous action of light. 
This again reminds us of M. Becquerel’s observation about 
the thickness of sensitive layers. There seemed to be almost 
no exception to the rule that the exposed plate begins by 
being positive and ends by being negative, the negative 
regime lasting for many days of prolonged exposure to 
light. 

It was also found that when the chloride of any substance 
was dissolved in the distilled water of the cell, all photo- 
electric action ceased. Again, if the tin foil is cleaned by 
immersion in sodic hydrate and then in hydrochloric acid, or 
by immersion in a solution of either of the chlorides of tin, 
the plate becomes completely insensitive to light. Thus the 
photoelectric result is obviously due to some layer on the 


surface. j 
In connexion with the change of sign of the E.M.F. 
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produced by continuous exposure, the following remarkable 
experiment was made. Round the outside of a cylindrical 
porous pot was fixed a coating of tin foil; inside the pot was 
placed a strip of tin foil, these two strips being the exposed 
and unexposed plates of the cell respectively. The porous 
pot was filled with water and immersed in a glass beaker also 
containing water, the diameter of the beaker being very 
slightly greater than that of the porous pot. The strip of 
foil inside the pot was completely covered from light and 
connected with one terminal of a galvanometer ; the foil out- 
side the pot being connected with the other terminal. Out- 
side the glass beaker, and fitting round it very closely, was a 
cylinder of black paper with a vertical slit cut in it, the 
breadth of the slit being about half an inch, while the diameter 
of the cylinder was about 3 inches. Thus, by rotating the 
black paper cylinder round the beaker, different strips of the 
tin foil on the outer surface of the porous pot could be 
successively exposed to light. 

The slit in the paper occupying a given position, the corre- 
sponding portion of the tin foil was exposed to sunlight. The 
current indicated that the plate was positive, and the exposure 
was continued until the current changed its direction, 7. e., the 
plate became negative. The slit was then moved opposite 
another and distant portion of the tin foil, which, by the same 
process, was finally rendered negative; and so on all the 
way round. Thus the surface of the tin foil was divided into 
a number of strips, which were alternately negative and 
positive in their electromotive forces when exposed to light ; 
and by rotating the black paper continuously round the 
beaker, a series of currents in contrary directions were 
obtained from the action of light on one and the same metallic 
plate—a result which, at first sight, sounds very strange. 
It is easily understood, however, when we remember the 
different conditions into which the various strips of the 
surface of the plate—7. e., some very thin stratum on the tin— 
were put in the preliminary process ; and, moreover, it pre- 
pares us for cases in which different portions of a tin plate 
which has been sensitized by a special process give, on 
exposure, electromotive forces of different signs. 
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I have not yet spoken of any process for producing a 
sensitive layer on the surface, and a long time elapsed before 
I discovered one. The tin foil hitherto spoken of is pure 
tin foil as it is obtained from the maker; and, as must be 
expected, not only were some pieces on exposure to light 
observed to be at once negative while others (the great 
majority) were positive, but there were various degrees of 
sensitiveness. Occasionally, also, the curious jerks imme- 
diately on exposure and immediately on screening, which 
were observed in the case of silver and eosine, were observed 
with these plates. 

Then succeeded a series of. experiments in which a quad- 
rant electrometer was used instead of the galvanometer, i. e., 
the E.M.F., and not the current, was measured. 

A curious result was very soon observed with the thin 
tin foil which is wrapped inside small packages of tobacco. 
The two sides of this foil are notably different in appearance, 
one being somewhat dull, while the other has a bright silvery 
aspect. Two strips of this were cemented on opposite sides 
of a small glass plate, the dull surface of one and the bright 
surface of the other being fixed to the glass. This plate was 
immersed in a glass cell containing absolute alcohol, the two 
pieces of tin foil being connected with the poles of the electro- 
meter. When the bright surface was exposed to daylight, a 
small deflexion was obtained 'which showed the plate to be 
negative ; when the dull surface was exposed, the deflexion 
was more than doubled, the plate being, like the other, also 
negative, and the magnitude of its E.M.F. being about 7; volt. 

A tin-foil plate, which at once on exposure to light is 
negative, is produced by thoroughly cleaning a piece of foil 
and coating i+ with sulphide of tin, either by exposing it to 
SH, or by rubbing a little “ mosaic gold” over the surface. 

When distilled water was used instead of alcohol, the 
E.M.F. produced by light was in all cases diminished ; and 
the same result always happened when any salt whatever 
was dissolved in the alcohol with a view to diminishing its 
resistance. 

This unfortunate result is characteristic of every photo- 
electric cell that I have employed. It is unfortunate, because 
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it seems to preclude the possibility of obtaining really strong 
and practically useful currents by the action of light, and it 
appears to indicate some essential connexion of resistance and 
electromotive force. 

The liquid is, of course, an essential element of the cell, 
and a very large number of liquids was tried in these experi- 
ments. Thus, for example, the two tobacco-foil plates when 
immersed in peroxide of hydrogen were absolutely insen- 
sitive. The alcohols are much the best liquids when tin 
plates are used. Large electromotive forces have been 
obtained with all of them: but they are not all of quite 
equal value. As has been already stated, if any substance 
containing chlorine is put into the liquid, the E.M.F. of light 
completely ceases. 

If a small quantity of nitrate of potassium is dissolved in 
- the alcohol, a Thomson high-resistance galvanometer will be 
very easily and strongly affected by the photoelectric currents 
of these cells. 

Among liquids an aqueous solution of pyrogallic acid is 
one which presents itself as worthy of trial, since pyrogallic 
acid is a greedy absorber of oxygen; and I have on record a 
striking result of its employment. A small plate of tin foil, 
the surface of which had been cleaned, was covered over with 
a thin layer of water, with which a drop of nitric acid had 
been mixed ; the foil was placed on a glass plate, under 
which was applied a gas-flame until the liquid had quite 
evaporated, and the tin foil remained coated with some salt of 
tin. Whatever this salt was, when this plate was immersed 
in a cell containing absolute alcohol in presence of a cleaned 
tin-foil plate, the first was, on exposure to light, strongly 
negative to the second. The sensitive plate was then taken 
out of this cell and immersed in another containing a clear 
aqueous solution of pyrogallic acid. It was now absolutely 
insensitive to light. Taken out of this cell, and dried with 
blotting-paper, it was again put into the alcohol ; and now, 
on exposure to light, it was found to be strongly positive. . 
Here, then, is a case of complete reversal. This change was 
accompanied by a slight jerk or kick in the B.M.F., such as 
has been already described in connexion with silver and 
eosine ; that is, on exposing the plate for the second time in 
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alcohol, the initial indication of the electrometer was a very 
slight kick indicating a negative E.M.F., but this was 
immediately followed by a large deflexion in the opposite 
direction. This result was repeated many times ; the plate 
was taken out of the alcohol and dried in the dark for about 
two hours, and when replaced in the alcohol cell the jerk and 
large contrary deflexion were obtained. 

A similar experiment has been recently tried with a tin-foil 
plate sensitized by the process which I now adopt, and which 
will be presently- described, and the result obtained was not 
the same as the above. In the new process the plate appears 
to be coated with the white oxide of tin, SnO, ; but whether 
it really is so or not, I cannot say. However, such a plate 
which had been in a cell with methyl alcohol for two years 
was taken out, together with the back or unexposed plate, 
and immersed in a cell with an aqueous solution of pyrogallic 
acid. On exposure to light in this cell, the plate was about 
half as sensitive, and of the same sign (positive) as in the 
methyl alcohol ; and on replacing it in the alcohol cell, its 
indication was less than it had been originally. Thus, there 
was merely a falling off, but not an absolute destruction, of 
the’E.M.F. caused by the pyrogallic acid, the sensitive surface 
having assumed a yellowish appearance. 

The conjecture of M. Becquerel, that the sign of the 
-E.M.F. developed by light depends on the thickness of the 
sensitive layer on the plate, has been already mentioned ; but 
it may be allowable to put forward another conjecture—that 
when there are two, three, or any number of salts of a metal, 
any one of which may be on the plate, the result depends on 
the particular salt, and that the series may be alternately 
positive and negative on exposure to light according to the 
‘amount of oxygen (suppose) that they contain. A reducing 
agent may convert one of these into an adjacent one, and so 
alter the sign of the E.M.F. The question is not one with 
which I am competent to deal ; it is for the chemist. And 
it might also be worth while to investigate whether there is 
any connexion between the sign and magnitude of the 
E.M.F. generated by the action of light on a metallic salt 
and the effect produced on the salt by electrolysis. 

Production of the Sensitive Surface.—After trying a very 
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great number of processes for producing a sensitive tin 
surface which is positive on ex- 
posure to light, the following is 
that which I have found to be 
most efficavious. 

Take a strip of pure tin foil, say 
1 inch long and } inch broad, and 
about as thick as a stiff sheet of 
note-paper (the very thin foil is 
not suitable ; but the exact thick- 
* ness is not of much consequence) : 
clean it first in sodic hydrate, and 
then in dilute hydrochloric acid, 
or in hydrofluoric acid, until the 
surface presents a bright crystal- : 
line appearance. Having thoroughly washed it in distilled 
water until every trace of acid disappears from the water, 
place it horizontally, at p, on a bent plate of glass of the 
shape gg in fig. 2, this plate of glass being held by a 
clamp C supported by an ordinary retort-stand, which is not 
represented in the figure; under the tin plate p and the 
glass place a dish, D D, supported by a stand S, which allows 
the dish to be raised or lowered ; the dish being raised 
until it nearly touches the glass g, pour into it, until the tin 
plate p is completely covered, a portion of the following 
mixture :— 


500 c. c. of distilled water, 
3 c.c. of pure nitric acid, 
15 grammes of nitrate of ammonia. 


_ If the tin ts pure and has been thoroughly cleaned, the 
moment the plate p is covered by the solution, a whitish 
deposit is thrown down on its surface. The plate may be 
left in the solution for 3 or 4 minutes, and then the dish D D 
is lowered and removed. The deposit on the tin should be 
uniform and must not be allowed to form for more than 
4 minutes. When the dish’D D has been removed, the 
under surface of the glass plate g g should be dried by blotting- 
paper. Then a process of heating must take place. The 
flame of a spirit-lamp must be applied uniformly to the under 


IN PHOTOELECTRICITY. 81 


surface of the glass plate, 7.e. moved backwards and forwards 
until the whole of the liquid on its upper surface is evapo- 
rated. Great care must be taken not to melt the tin plate p. 

Continuing the heating process, the upper surface of the tin 
passes through a series of appearances. “At first (7. ¢., when 
the water has just been evaporated) the deposit has a dull 
slaty look ; as the heating goes on, this changes to a whitish 
aspect, a gas with a nitrous smell coming off ; as the heating 
is continued, this whitish surface undergoes a rapid change 
to a dark colour with, apparently, a tinge of green, which 
travels like a shadow from one end of the plate to the other ; 
the heating being still continued, this dark surface changes 
to a strong white, and the flame ought to be kept under it 
until the gas is completely driven off. 

The plate should then be plunged into alcohol. It is now 
in the most sensitive condition. I have found that if the 
heating is stopped at the end of the penultimate stage—viz., 
that in which the dark greenish colour has been reached—the 
plate will be very fairly sensitive to light. It may be 
suspended from a platinum wire fixed through a pin-hole at 
one end of the plate, and when placed in an alcohol cell in 
front of a clean tin plate similarly suspended, these plates 
being connected with the poles of an electrometer while the 
cell is screened from light, a small difference of potential will 
be observed, the sensitized plate being positive to the unsen- 
sitized ; but this difference of potential will usually disappear 
after a short time. 

Many liquids can be used in the cell; but I have found 
that the best results are obtained from methyl alcohol prepared 
from oil of wintergreen. With methyl] alcohol prepared from 
wood-spirit I failed to obtain anything like the maximum 
E.M.F. on exposure to light. A plate so prepared is, on 
exposure to light, positive to the clean plate in the cell. In 
some liquids the plate is almost quite insensitive to light, but 
on replacing it in methyl alcohol its sensitiveness reappears. 

It is remarkable that the plate while immersed in the cell 
(and unexposed) takes a considerable time—about five hours 
—to develop its maximum sensitiveness; that is, the cell 
should be left in the dark for this time to allow the plate to 
develop. Moreover, shortly after the plate has been formed, 
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it is much more rapid in its response to light and shade than’ 
it is subsequently ; not that there is any falling off in the final 
indications of E.M.F., but that the indications are more slowly 
produced. 

Fig. 3 represents a cell connected with the electrometer. 
AB isa small glass tube nearly full of the liquid; P and Q 
are the sensitized and unsensitized plates, two fine platinum 


Fig. 3. 
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wires being either soldered to them or passed through minute 
holes in them, these wires being sealed into the glass tube at 
A and B, and connected with the poles m, n, of a quadrant 
electrometer, E ; the arrow L represents the incident light. 

After forming the sensitive plate, it should be tried in the 
cell before the cell is sealed up completely ; if it is not satisfac- 
torily sensitive, it should be taken out and re-heated either on 
the glass plate in fig. 2 or over the chimney of a paraffin 
lamp. ‘This further heating will often convert a partially 
sensitive plate into a very sensitive one. 

The cell is usually fixed in a piece of cork by means of 
which it may be held in a support. 

Dispersion of the Residual Effect.—On the withdrawal of the 

‘light, the fall of E.M.F. in the cell is usually much slower 

than the rise of E.M.F. on exposure ; and this fact would 
constitute a grave inconvenience if there were no speedy 
remedy. The effect of the light can, however, be quickly and 
satisfactorily overcome by connecting the exposed plate with 
the copper, and the unexposed with the zinc pole of a Daniell 
cell for a few seconds—the time of connexion being longer as 
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the time of exposure of the plate to light was longer. In fact, 
a series of three or four impulsive contacts with the poles of 
the Daniell, followed by a few seconds’ short-circuiting, will 
suffice to remove the residual effect of light, and to leave the 
spot on the electrometer-scale at the point from which it 
started. 

This result is important, because when feeble light, such as 
that of a candle, falls on the cell, the maximum E.M.F. takes 
some minutes to develop, and the return of the spot on the 
scale would occupy a long time. 

Variation of the Effect with the Distance of the Source of 
Light.—Six cells connected in series were placed on circles of 
varying radius, and a candle was in each case placed at the 
centre of the circle. The E.M.F. developed by the light of the 
candle was, with fair accuracy, found ‘to be inversely propor- 
tional to the distance of the candle from the cells. As the 
intensity of the light varies inversely as the square of the 
distance, it follows that the square of the electromotive force 
is proportional to the intensity of the light. 

Curve of Rise of H.M.F.—The law of increase of E.M.F. 
during exposure was studied by placing a “ standard ” candle 
at a distance of 6 inches from 6 cells connected in series, the 
poles of the series being connected with a Thomson quadrant- 
electrometer. The deflexions on the scale were noted every 
. quarter minute, and a curve was traced having the deflexions 
for ordinates and the times for abscisse. The maximum 
E.M.F. attained was °566 of that of a Minotto cell, giving for 
each cell °094 of this amount. 

If we denote by A the maximum E.M.F. developed, and by 
n the E.M.F. at any time ¢, it would appear to be legitimate 
to assume the equation 


iL ey ae 
Aak(A—n), 
where kis a constant. This gives, by integration, 


n=A+t+ Be 


where B is another constant. The curves actually traced in 
the experiments closely satisfy an equation of this form, which 
is, of course, that of a logarithmic curve. 
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The curve of fall is probably of the same nature, but the 
rate of fall is much slower than that of rise, as is evident by 
an inspection of the diagram exhibited to the Society. 

Unhomogeneous Surfaces.—To produce a homogeneous sur- 
face on the sensitive plate, it is manifestly necessary to satisfy 
two conditions : the deposit produced by the oxidizing solu- 
_ tion must be uniform, and so must the heating by the spirit- 
lamp. It is obvious, then, that if these conditions are not 
fulfilled, we must be prepared to find some part of the plate 
positive and another part negative on exposure to light ; and 
such has actually been found to be the case in many experi- 
ments. But a much more extraordinary result of quite 
common occurrence is that described under the next head. 

Impulsion-Cells.—It often happens that, a few days after a 
cell is mounted and found to be duly sensitive to light, an 
exposure produces no E.M.F. at all. But if a slight tap 
(sometimes scarcely audible) is given either to the support of 
the cell or to the table on which this support rests, a change, 
indicated by the motion of the spot on the electrometer-scale, 
takes place in the cell, and it is as sensitive to light as it was 
originally. ‘Another tap given to the base throws the cell 
again into the insensitive state ; another tap will restore the 
sensitive state ; and so on indefinitely. 

These results are not due to any defect in the contact of the 
platinum wires with the plates; these wires are tightly 
pinched to clean parts of the plates, and often soldered to 
them. 

It might be conjectured that these results are due to the 
formation of some gas in the cell; but how can one tap 
replace the gas which has been displaced by another tap ? 

I believe the sensitive and insensitive states to be due to 
some molecular alteration, either in the sensitive surface or 
in the liquid, or in their layer of contact—a sort of polarity 
in the medium which, as in the case of magnetic bodies, can 
be produced or destroyed by vibrations. Thus the E.M.F. 
due to light may be simply due to strain and not accompanied 
by any actual chemical combination. 

A most remarkable instance of these impulsion-effects may 
be cited to show that they are not due to any defective 
contact. Referring to fig. 3, which represents the sensitive 
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plate completely submerged in the liquid, let the plate be only 
partially submerged, and let the liquid surface be at a point 
C, about midway between B and A, the portion CA of the cell 
being occupied by vapour alone. This will be the state of 
affairs in a cell which was under experiment. It was found 
that on exposing the upper portion, OP, ot the plate and 
screening the lower, a negative deflaxion on the scale was 
observed—that is, a deflexion which indicated that the 
exposed plate was negative ; while if the upper portion was 
screened and the lower exposed, a positive deflexion resulted. 
Then on giving a slight tap to the support of the cell and 
exposing the portion CP, while screening the lower, a positive 
deflexion was observed ; and on exposing the lower portion 
alone, a positive E.M.F. resulted, as before. Thus the effect 
of the vibration was to alter the nature of the upper portion 
while leaving the lower unaltered. 

In another cell, which I now exhibit to the Society, the 
sensitive plate was completely immersed, and there was, as in 
the last case, a certain portion, CP, at. the upper end which 
was rendered alternately positive and negative by vibrations, 
while the lower portion remained unaltered. These facts 
seem to be quite inconsistent with a want-of-contact theory. 
Before citing another experiment, in which a Thomson galva- 
nometer is employed, to disprove such a theory, it is well to 
mention a remarkable method of producing the sensitive state 
from the insensitive. 

While investigating the effect of static charges communi- 
cated to the plates on the sensitive and insensitive states, I 
found that if a Voss machine, not in any way connected with 
the cell or the electrometer, was worked in the room while 
the cell was in the insensitive state, the moment a spark 
passed between the poles of the Voss, the insensitive state was 
altered to the sensitive, whether the cell was connected with 
the electrometer or not. The same effect was produced at a 
much greater distance from the cell by the inductive action 
of the spark passing between the two poles of the secondary 
coil of an induction-coil, as in a Hertz oscillator arrangement. 
In fact when a Hertz oscillator was taken into ihe grounds 
outside the laboratory in which I worked, the induction-coil 
being actuated by a battery of 4 or 5 Grove cells, no wires 
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whatever passing from this machine near the laboratory, the 
insensitive cell inside the room at a distance of 81 feet was 
instantly rendered sensitive by the inductive action of the 
Hertz arrangement. ; 

Impulsion-cells differ much from each other in the readi- 
ness with which they undergo the change from one state to- 
the opposite ; but the most obstinate can be thrown from 
the insensitive into the sensitive state by leading a wire 
connected with either pole into the vicinity of a Hertz or a 
Voss machine. 

I am not able to produce the reverse effect-—the change 
from the sensitive to the insensitive state—by electromag- 
netic induction; dull taps administered to the base of the 
cell constitute the only way in which this change can be 
produced with certainty. On very rare occasions the change 
has been effected by the inductive action of strong sparks 
from a Leyden jar; but the result is quite exceptional. 
There appears to be some reason for supposing that this 
change—from sensitive to inseusitive—is produced by vibra- 
tions of slow period, or very dull taps. I have produced it 
by dropping very small pieces of cork on the base of the iron 
retort-stand in which the cell is held, and even by gently 
drawing a piece of paper across the retort-stand. 

Nearly all these tin-foil cells will develop the impulsion 
character a few days, or weeks, after they have been formed, 
provided that the alcohol in them has not been thrown out and 
replaced by fresh alcohol. Three years ago I formed a battery 
of 30 of these little cells, testing each before adopting it in 
the battery, and connected them in series, hoping thereby to 
obtain a very large E.M.F’. on exposure to light. To my 
disappointment, however, I found a comparatively small. 
result ; and on examining the cells individually, I found 
some of them insensitive. Their sensitiveness was restored 
by renewing the alcohol, but it might have been restored by 
impulses if I had known the fact. 

One of this battery in which the impulsion results appeared 
was taken out and its alcohol renewed on 4 or 5 days suc- 
cessively, with a view to ascertaining whether the impulsion 
results could be got rid of by renewing the liquid. After 
six renewals the cell ceased to give impulsion-effects, and it 
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has been since under trial from time to time for about three 
years. 

Impulsion-cells are very strongly influenced if they are 
kept in a room in which powerful sparks are being produced 
from a Holtz machine. A box of them which had been put 
by, for exhibition before this Society, in a cupboard about 
six feet distant from a Holtz which was put in action, was 
found during the process to have had nearly every cell affected 
in such a manner that no impulsion-effects could be produced 
for several hours after the Holtz ceased to be worked ; and a 
strikingly good example of an impulsion-cell which I was 
very anxious to preserve acquired a strong tendency to revert 
from the sensitive to the insensitive state, and to remain in 
the latter ; at the same time it lost its extreme sensitiveness 
to impulses. 

The experiment with a galvanometer, previously men- 
tioned, to show that in neither state of an impulsion-cell is 
there a want of contact, is as follows:—An impulsion-cell 
in which both plates hang from the top of the cell, and in 
which the liquid did not rise nearly to the level of the junc- 
tion of either platinum wire with the plate, was made part of 
the circuit of a galvanometer and a Daniell cell by means of 
a key ; its poles were connected with the electrometer, and 
before pressing down the key which put the cell into the 
galvanometer circuit, it was made insensitive by an impulse. 
On pressing down the key, the needle of the galvanometer 
was deflected, and this could not have happened if either 
contact were broken. In fact, the indication of the gal- 
vanometer was the same whether the cell was in the sensitive 
or in the insensitive state. 

In two or three cells in which the alcohol had partially 
evaporated, leaving a portion of the sensitive plate above the 
liquid, it was found that, the whole plate having been 
originally positive, the portion in the vapour gave a negative 
E.M.F., while the lower portion continued positive. 

Among the numerous liquids tried in these cells was 
butyric acid, which is efficacious ; but after a few days it 
‘ acts on the tin plate and tends to destroy the sensitive 
surface. A plate which had been kept in a cell containing 
_ butyric acid for some days was removed into one containing 
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propylic alcohol. The effect was that the upper portion 
of the plate exhibited impulsion-effects—being alternately 
positive and negative with impulses—while the lower portion 
remained positive. 

In acetone, nitrate of amyl, and glycerine these plates are 
also sensitive—as indeed in water also; but the H.M.F. in 
these liquids is less than in methyl alcohol. 

It was found also that if the cell contained only the vapour 
of alcoho], an E.M.F. was generated by light, but less than 
that in the liquid. In aldehyde no E.M.F. due to light was 
observed. 

Hydroxy] has the effect, after about twenty-four hours, of 
giving to the plate a yellowish colour, and also of changing 
the sign of the E.M.F. which exists in the dark. 

It has been found many times that one effect of removing a 
sensitive plate from an alcohol cell to a cell filled with hydroxy] 
or other liquids and then replacing it in the alcohol, was to 
develop impulsion results; and this fact shows that these 
results cannot be due to any induced electrification on the 
glass of the cell and an action of light on this electrification 
—such an action as has been the subject of recent experiment 
by a Russian physicist. 

If, then, Iam right in supposing that the development of 
electrical charges on these sensitive plates is in some way 
connected with molecular disturbances produced by electro- 
magnetic induction or mechanical vibration, it must be 
admitted that the result is possibly a very important one, 
and that it may play a large part in the economy of nature. 
Thus, the mode in which solar energy is taken up in the cells 
of plants may be largely dependent on such disturbances in 
the atmosphere or in the earth. And in this connexion a 
somewhat wild conjecture may be pardoned. 

The microradiometer of Prof. Boys works wonders in the 
measurement of very minute changes of temperature. If, 
then, we imagine a beam of light to be incident on the 
sensitized plate of an impulsion-cell from which it is, in part, 
reflected to a microradiometer, when the cell is in its insensi- 
tive state the incident energy is not taken up electrically and 
statically, and a greater portion of it would be sent to the 
radiometer than would be sent if the cell were in the sensitive 
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state, so that a mechanical tap or an electromagnetic impulse, 
in altering the cell from electrical insensitiveness to sensitive- 
ness, should produce an effect on the radiometer. 

Connexion with the Daniell Cell—It has been already 
stated that the residual effect when light is withdrawn from 
the cell is got rid of by connecting the cell with a Daniell 
cell in such a way that the deflexion caused by the latter is 
opposed to that produced by light—. e., the sensitive plate, 
P (fig. 4), is connected with the copper pole of the Daniell. 

Fig. 4. 


A very curious result of this arrangement deserves to be 
mentioned, inasmuch as it may possibly afford a clue to the 
nature of the action of light on the sensitive plate. Between 
the Zn pole of the Daniell and the plate Q interpose a very 
great resistance, S, of the same order of magnitude as the 
resistance, R, of the photoelectric cell itself—7.e., several 
megohms. This resistance S is composed of lead lines traced 
carefully on glass and then covered with shellac, and is, in 
my experiments, something like 10 megohms. The poles, 
_ A, B, of the cell being connected with the electrometer, if e 
is the (disturbing) E.M.F. of the cell in the dark (which 
may be zero or very small), and H that of the Daniell, we 
shall obtain a deflexion, A, given by the expression 


R os 
A=+etp g(EF9, 


the signs + being taken according as e produces a deflexion 
in the same sense as E or in the opposite sense. This is on 
G 
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the assumption that e is not modified by E, which is possibly 
false, but not material to the result. Whether e is or is not 
modified by E, it is clear that if S is very small compared 
with R, the deflexion on the scale will simply indicate E, no 
matter how great e may be; and hence if light is allowed to 
fall on the cell with this arrangement, there will be no indica- 
tion of its effect on the scale. But taking S of the same order 
of magnitude as R, we obtain, when the cell is in the dark, a 
deflexion of, say, half the amount produced by the Daniell 
alone. When the connexions are those indicated in fig. 4, 
i. e. when the Cu pole is connected with the sensitive plate, 
if light is allowed to fall on the cell a very large deflexion of 
the spot (of course in the direction opposed to A) is produced. 
If after this we reverse the connexions, i.e. connect the Zn 
pole with the sensitive plate, and allow the spot to settle to 
its position of rest in the dark, and then let the light fall on 
the cell, the deflexion produced by light is very much smaller 
than before. To quote a particular case—when the Cu pole 
was connected with the sensitive plate and the spot came to 
rest, the spot was deflected from this point through 260 
divisions on the scale; and when the connexions were 
reversed and the spot again allowed to come to rest, it was 
deflected from the point of rest through only 50 divisions. 

From the above expression it is obvious that, in the first 
mode of connexion with the Daniell, the deflexion from the 
Roe (E—e+X), where 2 is 
the E.M.F. due to light, on the supposition that R is con- 
stant, so that the observed deflexion on the scale from the 
point of rest due to the Daniell is 


R S 
, (1-yr=)) or Ra8* 3 

and if X were the same in the second mode of connexion, the 
deflexion would be also of this value ; but since the deflexion 
is very notably less in the second case, it is almost certain 
that 2 is also less, 

Observe that in the first mode of connexion the action, or 
possibly only the tendency, of the Daniell is to deposit a 


zero produced by light is e—r+ 
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layer of oxygen on the sensitive plate ; and if light tends to 
reduce oxygen at the surface, its action would be increased 
owing to the additional layer due to the Daniell ; while with 
the reverse connexions, the reducing action of light would 
obviously be lessened. 

The electrolytic action of a Daniell battery on one of these 
cells is not permanent ; it disappears rapidly, and, indeed, it 
is not certain that anything more than a strain tending to 
electrolysis is produced. 

The current of a Daniell cell, or any battery, if passed 
through an impulsion-cell, does ak influence the state of the 
cell—t. e., this current does not alter the sensitive to the 
Bocuse state, or vice versd. 

Supposing 8, and therefore A, to be ‘such that when (in 
the first case) ta falls on the ol the spot on the scale is 
brought back just to the zero oa which it started, if the 
Daniell is suddenly removed the light will then cause a 
further deflexion—which is the normal amount due to the 
light. This fact agrees perfectly with the theory of a reducing 
action, because, in the position of equilibrium of the spot 
when both light and the opposing Daniell act, the rate at 
which light tends to reduce is equal to that at which the 
Daniell tends to deposit oxygen; and therefore in this 
particular case the plate is really in its normal state, so that 
when the Daniell is removed, light finds the plate in the 
condition in which it would be if no Daniell cell were con- 
nected with the photoelectric cell. 

Action of Different Colours.—In a sensitive tin-foil cell, the 
action of the blue part of the spectrum is very much greater 
than that of any other part; but measurable results can be 
obtained all through, as will be seen by the diagram exhibited 
to the Society. The spectrum was that of lime-light passed 
through a prism of bisulphide of carbon, a single cell being 
used in the experiment. This cell has been, from time to - 
time, under experiment for more than four. years, and its 
action is now exhibited to the Society. It has not appre- 
ciably deteriorated, but the time of any one exposure has 
never been more than a few minutes. 
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Seleno-Aluminium Cells. 


In the year 1880 Mr. A. Graham Bell utilized the property 
of conductivity possessed by a modification of selenium which 
had been previously found to be a conductor, and also the 
property of variable conductivity when light of variable 
intensity falls upon it. These properties, as is well known, 
were utilized in the reproduction of sound by means of a 
telephone and a battery in the external circuit of which was 
placed a sensitive selenium conductor. This selenium 
arrangement is usually called a “selenium cell,” but a 
selenium conductor or a selenium resistance is a much more 
appropriate term. 

When the photophone was announced, selenium resistances 
were made in this country first, I believe, by Mr. Shelford 
Bidwell, who showed some of them at the last meeting of this 
Society, and by means of them produced two results of 
striking beauty, which I shall presently endeavour to repro- 
duce by different means. 

Last year 1 set about constructing selenium cells, pro- 
perly so called—that is, cells in which electromotive force is 
produced by the action of light. The method adopted was 
to take two small clean plates of any metal, to spread a thin 
layer of the already recognized sensitive selenium on the 
surface of one of them, and, connecting each with a fine 
platinum wire, to immerse them in presence of each other in 
a small glass cell containing a liquid. Thus a large number 
of metals and a large number of liquids had to be tried for 
the best result. Plates of platinum, silver, tin, copper, zine, 
bismuth, mica, glass, and other substances were tried with 
various liquids. With copper the E.M.F. produced by light 
was almost, if not quite, zero. All the others gave consider- 
able results ; but much the best result was obtained with 
plates of aluminium ; and for some time the liquid used was 
one of the aleolrols—preferably methylic. In the course of 
a few days, however, the aluminium plates in alcohol were 
found to be covered with a kind of gelatinous deposit, which, 
I am told, is an aluminate of alcohol. This liquid was, there- 
fore, abandoned ; and the best result of all was found to be 
produced with acetone. 
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The process of forming the sensitive plate is as follows :— 
On an iron tripod is supported a porcelain plate which is 
heated from below by a Bunsen flame ; tho little strip of 
cleaned aluminium is placed on this plate, and when it has 
got hot, one end of it is held in a forceps, while a drop of 
melted selenium placed at the end of a very hot glass rod is 
rapidly smeared over the aluminium plate. This selenium 
layer should be of uniform thickness, and the thickness must 
be neither very great nor very small. When the layer is 
deposited, the aluminium plate is quickly removed from 
the porcelain plate by the forceps and rapidly moved 
up and down in the air for a few seconds, the gas- 
flame being, at the same time, removed from under the 
porcelain plate. Both plates having now become slightly 

cooler, the aluminium plate is replaced on a comparatively 

cool part of the porcelain plate, and any tendency of the 
selenium to become liquid is checked by blowing over its 
surface. Working the gas-flame now rapidly backwards 
and forwards under the porcelain plate and occasionally 
blowing over the selenium surface, a series of changes—very 
much resembling those presented in the preparation of a 
sensitive tin surface—are observed. The appearances are as 
follows :— - 

1. The originally jet-black selenium surface gradually 
assumes a bluish-white appearance. 

2, As the process is continued, this latter surface becomes 
a grey which may be of several shades. It may be a light 
grey, or a grey with a violet tinge, or a grey with some 
glossy spots or streaks. None of these surfaces is to be 
accepted. They are the final forms which most readily pre- 
sent themselves ; and when they do, the selenium must be 
melted afresh and again spread over the aluminium plate— 
the whole process being repeated with its gradual heatings 
and coolings, until finally— 

8. The surface of the selenium assumes a very dark brown 
colour. et 

This is the most sensitive surface that can be obtained. 
At first, accepting too literally the statement that “ the grey 
modification of selenium is the sensitive one,” I accepted 
every plate which finally assumed a grey appearance, and 


- 


94 PROF. MINCHIN’S EXPERIMENTS 


constructed a large number of cells for a battery. By 
accident, however, a plate with the brownish colour was 
formed, and it proved to be so much superior to the others, 
that they were all rejected. 

The glossy spots and streaks which sometimes exist on the 
grey surfaces are, I think, due to an indefinitely thin layer of 
the black selenium which has escaped the necessary transform- 
ation ; and to observe them, it is well to look at the plate 
almost in the plane of its surface. The dark brown surface is 
devoid of them, and is in appearance quite homogeneous. 

When the plate has assumed this appearance, it may be 
screened from light and left on the porcelain plate to get 
cool, for which about ten minutes will suffice. When the 
plate has cooled, it can, apparently, be kept in the dark, un- 
immersed in any liquid, for any length of time before being 
put into the acetone cell. A plate was thus kept for sixteen 
days, and then, on being placed in the acetone cell, it was as 
sensitive as if it had been immersed immediately after forma- 
tion. It is a marked peculiarity of the seleno-aluminium cell 
that, immediately after it has been set up, it is wonderfully 
rapid in its response to light, and that on the withdrawal of 
the light the E.M.F. at once disappears; but after a few 
days it is much slower in both respects—particularly the 
latter—while its sensitiveness as regards the magnitude of the 
E.M.F. developed is unimpaired. 

The dispersion of the residual effect is produced by the 
means before described for the tin cells, viz., connexion with 
a Daniell cell, the sensitive plate being now, of course, con- 
nected with the Zn pole of the Daniell. 

No sensitive and insensitive states due to vibrations, 
mechanical or electromagnetic, have, so far, been observed in — 
the seleno-aluminium cells. ; 

Sign of the E.M.F. due to Light—Unlike the tin-foil plates 

described, the sensitive plate in a seleno-aluminium cell is 
strongly negative towards the insensitive plate when the cell 
is exposed to light. 
_ Effects of Different Colours.— The seleno-aluminium cells 
differ from all other photoelectric cells that I have constructed 
in their great sensitiveness to all parts of the spectrum, the 
maximum effect being produced in the yellow near the 
borders of the green. 
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No very accurate experiment has yet been made’ on this 
subject, because the Thomson quadrant-electrometer at my 
disposal happens to be out of order ; but’ with Clifton’s form 
_ of the instrument, in which great sensitiveness has been 
aimed at rather than accuracy or constancy, the following 
numbers represent the relative electromotive forces produced 
by the spectrum of an albocarbon light formed by a bisulphide- 
of-carbon prism :— ; 


PCE ee oe... LOD 
Border of red and yellow . . 117 
Clowes er. 4... 130 
First edge of green . . . . 113 
Last edge of green . . . . 10) 
Middle of blue... . 104 
Ting ofouiueenrse . os 102 


The E.M.F. of a Daniell was represented by 408, and the 
cell was about one metre from the prism. Most probably, of 
course, the number 101, corresponding to the border of green 
and blue, is less than it should be. 

All other photoelectric cells may almost be said to be 
sensitive to the blue alone. 

Effect of Continuous Exposure to Light.—The effect of 
exposing a seleno-aluminium cell continuously to daylight 
depends on whether the cell is left on open or on closed 
circuit. A cell Jeft on open circuit for many hours, and then 
kept in the dark until its H.M.F. settles down, will be found 
to have fallen to one fifth of its original value; but if 
then kept during the night and observed in the morning, 
the H.M.F. produced by exposure to light will have quite 
recovered its first magnitude. Not so with the cell on closed 
circuit ; its E.M.F., on fresh exposure, will be reduced to 
nearly one half its original value. 

A cell which had been exposed to daylight for five days 
(with, of course, the advantage of each night’s resuscitation) 
is now shown to the Society, and its action can be compared 
with that of a fresh cell. . 

Connexion with a Daniell during Exposure.— When a 
Daniell with a very great resistance interposed, as described 
in connexion with the tin cells, is connected with a seleno- 
aluminium cell, so that the Zn pole is first connected with 
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the sensitive plate, and then with the insensitive, the E.M.F. 
developed by light is much greater in the first case than in 
the second—a result which is the same as before, since the 
seleno-aluminium plate is the negative one in the cell, and 
therefore the effect of this connexion with the Daniell is to 
develop between the poles of the photo cell a difference of 
potential opposed in sign to that which light produces. 

Mechanical Effects —The E.M.F. generated by light in a 
photoelectric battery can be utilized for ringing electric bells, 
lighting or extinguishing electric lamps, and possibly other 
things, although the materials of the battery are never used 
up in producing currents. The method which I have em- 
ployed consists in utilizing the motions of an electrometer 
needle (due to the E.M.F. of the photoelectric battery) for 
making a contact and completing the circuit of an ordinary 
voltaic battery, whose current, thus completed, rings a bell, 
lights a lamp, &c. 

The first arrangement which I employed for this purpose 
was as follows :—At the middle of the aluminium needle of a 
quadrant-electrometer, and at right angles to the length of 
the needle, is fixed a very fine glass tube about 1} inch 
long ; a platinum wire traverses the interior of this glass 
tube and, coming out at its ends, this wire terminates in two 
little spheres of platinum. Over the quadrants were fixed two 
small mereury-cups which were completely insulated from the 
quadrants and which were permanently connected with 
the poles of an external battery which had an electric bell in 
its circuit. When light shone on the photoelectric battery 
(whose poles were connected with those of the electrometer), 
the needle was deflected and, carrying the little glass tube 
with it, brought the platinum points into contact with the 
mercury in the cups; thus the circuit of the voltaic battery 
was completed, and the bell rung.. This arrangement was 
unsatisfactory, owing to the difficulty with which the plati- 
num points separated from the mercury, and it has been 
replaced by a much more satisfactory plan devised by Mr. 
Appleyard, to whom I beg to express my thanks for the 
untiring perseverance which he devoted to the perfecting of 
the apparatus. 

The improved arrangement is as follows :— 
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In the figure N N represents the needle of the quadrant- 
electrometer, the quadrants of which are not represented ; 


Fig. 5. 


9q™m is a very fine glass tube passing down through the 
middle point, m, of the needle; a platinum wire, pgq mr, 
traverses this tube, the portion gq lying at right angles to 
the long diameter, N N, of the needle, and terminating in a 
sphere, p; the portion mr of the wire dips into a shallow 
dish, d, of mercury which is supported below the quadrants 
by an arm not represented ; a platinum wire, é, dips into the 
dish d, and, passing outside the case of the electrometer, is 
connected with one end of the coil of a small electromagnet, e, 
whose armature is a; the other end of this coil is connected 
with one pole of a weak voltaic cell, b, whose other pole is 
connected with a small platinum plate, s, through a sup- 
port, 4, which is fixed inside the case of the electrometer, and, 
of course, insulated from the needle and the quadrants ; the 
platinum plate s is fixed tolerably ciose to the position of rest 
of the platinum point p ; and when the needle is deflected by 
the E.M.F. of a photoelectric battery, P, connected with the 
poles, C, D, of the electrometer, the point p comes into contact 
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with the plate s and completes the circuit of the voltaic 
cell b, and thus brings the armature a into contact with the 
magnet of the coil ¢: this connexion completes the circuit of 
a voltaic battery, B, in whose circuit is an incandescent 
lamp, L, or an electric bell, which is then set in action. 
The needle is connected with the sulphuric acid jar, J, by 
means of a fine platinum wire, w, bent into a semicircular 
form so as to avoid contact with the dish d when the needle 
moves, the wire w terminating in a vertical length exactly 
under the centre of the needle ; thus, since the wires r and v 
are in the vertical axis of rotation of the needle, no appreci- 
able friction hinders the motion of the needle. 

The needle is suspended by two fine silk fibres, f, f, from a 
support A inside the case of the electrometer. Instead of 
the two external voltaic batteries, B, 6, one would theoreti- 
cally suffice ; but it is found that, to prevent sparking and 
“stiction” between p and s when the current is made, it is 
preferable to have a very weak current traversing this portion 
of the arrangement—one which is just sufficient to work the 
electromagnet e. 

In this way, by means of a few seleno-aluminium cells, P, 
I have found no difficulty in ringing a bell by the light of a 
taper or that of a match held at a distance of a few feet from 
the battery P. Observe that by this method we never draw 
on the materials of the photo-battery, because no current 
ever passes through it ; it is simply connected with the poles 
of the electrometer, and its E.M.F. alone is employed. 


The Problems of Photoelectricity. 


Three prominent problems in this subject deserve to be 
signalized. The first, and least pretentious, is the construc.” 
tion of a really scientific photometer. It cannot be said that 
the comparison of two lights by means of a spot of grease is 
a very satisfactory procedure ; but in the seleno-aluminium 
cell we have, on account of its great sensitiveness and range 
in the spectrum, an approximation to the possibility of an 
electrophotometer—at least so far as the comparison of lights 
is concerned. For, assuming that, by means of such a cell 
we take, as it were, each light to pieces, and note the intane 
sities of the different colours—which are directly proportional 
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to the squares of the corresponding electromotive forces— 
we could then apply the principle of Newton’s chromatic 
circle to determine the value of the resultant light. The 
second problem—and that which in 1877 induced me to 
work at this subject—is the electrical transmission of an 
image to any distance ; in other words, the construction of a 
telephotograph. The problem seems to be one of exceedin gly 
great difficulty—much more difficult than the problem of the 
telephone—because the parts of an image are simultaneous 
and not, like the sounds of the voice, successive ; and, indeed, 
we have also to deal with a quick succession if we are to 
transmit a living moving image, such as Homer depicted on 
the shield of Achilles. The early attempt which I made con- 
sisted in the construction of a cable, somewhat on the model 
of the optic nerve. The optic nerve consists of a bundle of 
fibres, each a conductor of electricity and each separated 
from its neighbour by being surrounded by a medium. One 
set of ends of this nerve abuts on the retina, which is its 
sensitized plate, and the other inthe brain. It is well known 
that light incident on the eye causes a photographic decom- 
position on the retina; and I believe that images have 
been seen on the retina of a rabbit which was immediately 
killed after a strong light had been presented to its eye. - 
The images, then, of external objects are transmitted along 
the optic-nerve cable to the brain, where by some means 
or other they result in a process of thought. Possibly 
thought is an equivalent of at least a part of the originally 
incident energy. No satisfactory solution of this problem 
will be attained by any slow and painful mechanical pro- 
cess of tracing out in succession the various portions of a 
picture ; and it does not: now seem that we are near any 
true solution of the problem, whatever startling stories the 
newspapers may from time to time report. ; 

The third problem is the direct transformation of the 
radiant energy of the sun into work useful to us, without the 
consumption (at least on any large scale) of materials on the 
earth—in other words to get rid of that terrible waster of 
energy, the steam-engine. I usually find two objections 
made against any investigation in this direction. The first 
is, that the attempt is contrary to the principle of the conser- 
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vation of energy. The objection, however, does not seem to 
be well founded ; because it is conceivable that a photo- 
electric battery may yet be found which will simply act as a 
transformer of the energy which it receives from the sun, 
while its own materials, being merely the implements used 
in the process, may be almost wholly unmodified. The 
energy thus taken out of the sun may finally be radiated 
out into space from the earth in the form of heat, if it is true 
that all forms of energy must ultimately pass into this form 
—a proposition which, being a very wide generalization 
from our experience on the earth, it may be permitted to 
doubt in the universal necessity claimed for it. 

The second objection is that there is not energy enough in 
the solar rays at the distance of the earth to supply the work 
desired. This objection is founded on the experiments of 
Pouillet, Violle, and others, who have estimated the solar 
energy incident per square foot per second on the surface of 
the earth. Let us see how much energy, according to the 
assumptions based on these expériments, is at our disposal. 

The quantity of solar energy, assumed to be measured in 
metric thermal units, which is incident, normally, every 
minute on a square centimetre at the distance of the earth is 
given by the expression 


A a‘, 


where, according to Pouillet, A (the solar constant) is 
1:7633 calories, a (the atmospheric constant) is something 
between *7244 and *7888—let us say that a=°75 ; and e¢ is 
the ratio of the thickness of atmosphere traversed to the 
normal thickness of the atmosphere measured from the place 
of observation. M. Violle employs a formula of this form, 
but, according to him, ¢ involves the height of the barometer 
and the pressure of aqueous vapour present in the air, and 
A=2'54 calories. At the superior limit of the atmosphere 
e is, of course, zero, and at the surface of the earth, for 
normal rays,e=1, Taking this latter value of e, and con- 
verting the thermal units into ergs, the quantity of energy 
incident per square centimetre per minute is 


1°3224 x 42 x 10° ergs 
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according to Pouillet, and 


1:905 x 42 x 108 ergs 


according to Violle. Converting these into foot-pounds’ 
weight per square foot per second, we have 


63°42 foot-pounds’ weight per sq. foot per second (Pouillet), 
91:35 x + > (Violle). 


The quantity of solar energy existing at any instant in 
one cubic foot of space at the surface of the earth is, of course, 
obtained by dividing these numbers by the velocity of the 
radiations in feet per second (roughly 10°), and this quantity is 
infinitesimally small. Perhaps it is the infinitesimal value of 
the energy in a cubic foot which impresses people so strongly 
with the insufficiency of the solar radiation for doing work ; 
but it is obvious that with this quantity we are not concerned. 
It is the amount which is contained at any instant in the 
immensely long column through which the energy travels in 
a second that is important. 

The number assumed by Clerk Maxwell (‘ Electricity and 
Magnetism,’ vol. ii. p. 402) is 83:4, which is very nearly 
what Pouillet’s becomes at the superior limit of the atmo- 
sphere. 

Thus we see that the amount of power at our disposal is 
small—yet, perhaps, not hopelessly small. 

But is it necessary to accept this deduction from Pouillet’s 
experiments at all? I think not, because it is not by any 
means certain that a blackened surface, such as that in 
Pouillet’s pyrheliometer, catches up and transforms into heat 
every form of energy in the solar beam. There may be — 
forms of energy which take no notice of blackened surfaces 
and which refuse to be converted into heat by means of 
them. Perhaps the proper receptive surfaces for them remain 
to be discovered ; and it is this consideration chiefly which 
gives hope to the experimenter in Photoelectricity. The 
dissipation of every form of energy in the Universe into the. 
final form of heat of uniform temperature is a dogma and 
nothing else—and, moreover, a dogma which leads to the 
most dismal results. Can its advocates trace the process in 
the case of energy incident on the retina, telephotographically 
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transmitted to the brain, and converted into—or, at any rate, 
productive of—thought ; and can they show that after this 
process nothing but heat remains ? 

It is not to the purpose to say that, “so far as we know,” 
all forms of energy must run into heat finally, and be diffused 
throughout the Universe, because we may even still imagine 
that there are many very astonishing physical facts beyond 
what we know. Indeed, even in the unspeakably dismal 
event of the final conversion of the whole “ visible” Universe 
(whatever that may mean) into one huge dark inert mass of 
uniform temperature in which no life is possible, this much, 
at least, is included in what we do know—viz., that. we shall 
not have then got rid of the static energy of gravitation ; 
and I strongly suspect that if we journeyed out to Antares 
or to Aldebaran, we should meet with intelligent beings 
who would express the utmost astonishment that we could 
ever have framed a principle leading to such a universal 
catastrophe. 


